Ocean Floors around Canada 


(PAPERS FROM A SYMPOSIUM SPONSORED JOINTLY BY 
THE COMMITTEE AND BY SECTION IV) — 


ne 
K 


SOCIETY OF CANADA 








CANADIAN COMMITTEE ON OCEANOGRAPHY 





Ocean Floors around Canada 


(PAPERS FROM A SYMPOSIUM SPONSORED JOINTLY BY 
THE COMMITTEE AND BY SECTION IV) 





ROYAL SOCIETY OF CANADA 
1956 





PRINTED IN CANADA 











CONTENTS 


Introduction. By J. Tuzo Wirson, F.R.S.C. 


Geological Unity of the Arctic Islands. By Y. O. Fortier, F.R.S.C., 
and L. W. Morey ore ee ae ee ae ee 


Geophysical Observations on the History and Structure of Sable 
Island. By P. L. Wr_ttMore and R. Toimie 


Seismic Observations in the Gulf of St. Lawrence. By P. L. WiLtMore 
and A. E. SCHEIDEGGER 


The Transverse Trough of Cabot Strait. By DonaLp J. MAcNeEIL 
Physical Features of British Columbia Inlets. By G. L. Pickarp 
Some Characteristics of Bute Inlet Sediments. By R. B. Toomss 


Oceanographic Features of Submarine Topography. By H. B. 
Hacuey, F.R.S.C., L. LAuzier and W. B. Bamtey 


The Ocean Floor and Water Movement. By R. W. TritEes 


67 
83 











TRANSACTIONS OF THE ROYAL SOCIETY OF CANADA 
VOLUME L : SERIES III : JUNE, 1956 
CANADIAN COMMITTEE ON OCEANOGRAPHY 


KOK 





Ocean Floors around Canada 


INTRODUCTION 


N those parts of the surface of the earth’s crust which protrude above 

the sea, man makes his home. Geological studies have disclosed much 
of the history of the land and many accessible mineral deposits, but 
knowledge of the rest of the crust is still scant. 

The thickness of the crust has been measured in a few places, and found 
to be about 20 miles under the continents and 3 miles under the ocean 
floors, but men have not penetrated more than a small fraction of the way 
through the crust nor have they reached the mantle beneath. Below the 
oceans even the topography is imperfectly known. Most of what knowledge 
we possess of the northern ocean floors has been gained during the last ten 
years, and little detail is yet known of the southern oceans. 

It was once supposed that the deep oceans had remained dark, lifeless 
and unchanged, save for the finest rain of sediment, since the world began; 
but new discoveries have quite dispelled this view. Across the ocean floors 
geophysicists have traced great fractures, scarps and rifts, have found 
scattered volcanic peaks and ranges, and have charted canyons cut by slumps 
and flows of mud on all the continental margins. Across the deepest basins 
of the Atlantic and far out into the Pacific vast turbidity currents sweep 
from time to time, eroding the continental slopes, filling the ocean basins 
and sweeping coarse sands and muds along the ocean floors. On its own 
slow scale the ocean floor is tremendously active, and the great features 
reared upon it are preserved in unseen majesty from the eroding effects of 
the atmosphere. More clearly than on land, each feature portrays its origin. 

The accurate charting of the oceans is providing a great advance in our 
understanding of the earth, and new ideas are now taking shape about the 
formation, age, behaviour and nature of the crust. 

The presence of water and the separation of the crust into continents and 
ocean basins are features which distinguish the earth from the other 
planetary bodies whose surface we can see—the moon, Mars and Mercury. 
Is it not indeed striking that the moon and the earth, whose environments 
in space have been so similar, should have surfaces so utterly different? The 
moon is dry. On it there are no ocean basins and no continents, no long 
ranges of mountains, no active volcanoes, but instead a multitude of 
meteorite craters of all sizes, which are almost lacking on earth. The earth’s 
surface is constantly being uplifted by volcanic activity and earthquakes, 
and being eroded by air and water. The moon’s surface is unchanging. The 
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moon’s surface therefore appears to be an ancient and fossil relic, but the 
earth’s surface is younger and still growing. 

If the surface features are growing, it explains why no one has devised a 
satisfactory theory of creation which accounts for the continents, the oceans 
or the atmosphere. It would justify the view, which several students of the 
composition of air and seawater have proposed, that these bodies have 
accumulated by volcanic exudation during the earth’s history. Volcanoes 
emit lava as well as steam and gases. The rate of emission of lava today and 
its composition would suffice to build the continents during geological time. 

When these observations are put together it becomes apparent that the 
crust, oceans and atmosphere may have all been built by modification of 
matter extruded from the interior by volcanoes and that the Mohorovicic 
discontinuity at the base of the crust is the early surface of the earth upon 
which all else has grown. 

Volcanoes rise along fractures, and therefore fractures have dominated 
and guided the development of the earth’s crust. There are two principal 
sets of fractures. Each is continuous. Many ancillary faults connect and 
branch from them. One key set lies along the margins and junctions of 
continents; the other lies in the deep oceans in positions the most remote 
from continents and has quite different properties. 

It seems entirely possible that the more active set of fractures, that which 
now underlies the Alpine-Himalayan mountains and the circum-Pacific 
belt of island arcs and mountains, is but the present position of a succession 
of fractures along which so much material has been poured out that the 
continents have been generated during the migrations of these fractures. 

The other principal set of fractures underlies the mid-ocean ridges. Only 
this year it has been shown that the Mid-Atlantic ridge is continued as a 
ridge beneath the southern ocean which connects south of Africa and 
Australia with other mid-ocean ridges in the Indian and Pacific ocean 
basins. These fractures are shallower and much less active. There is no 
evidence that they have migrated. Their weak volcanism of basic lavas has 
only sufficed to build the present ridges during all geological time. 

Our whole notion of the crust of the earth and of its history is under- 
going revision and the study of the ocean floors is one of the chief keys to 
unlocking new knowledge. 

It is as though geologists, who have heretofore only been able to examine 
the continents, have been examining the stumps of a vanished forest. Their 
studies have told us much, but now the discovery of other fragments is 
giving us a fuller and clearer picture of the former forest and of its growth 
and life. Among the different aspects of the earth which it is now possible 
to study—the nature of its interior, its early history, the ocean floors—the 
last is one of the most important. It is well that Canadians should have 
started to explore and interpret the ocean floors. This symposium presents 
some recent studies of the ocean floors close to the coasts of Canada. 


J. Tuzo WiLson 


TRANSACTIONS OF THE ROYAL SOCIETY OF CANADA 
VOLUME L : SERIES III : JUNE, 1956 
CANADIAN COMMITTEE ON OCEANOGRAPHY 


EERE EEE KE KEELE KEKE KO KEKE KEE KEKE KEKE KEKE KEKE KE KEKE KEKE 


Geological Unity of the Arctic Islands* 


Y. O. FORTIER, F.R.S.C., and L. W. MORLEY 


INTRODUCTION 


SLANDS or parts of islands within the Canadian Arctic Archipelago 

are linked together by common lithologies and structures and by common 
relations to the whole tectonic framework of the Archipelago. Thus the 
bedrock geology of the exposed lands permits the division of the whole 
Archipelago into a fitting mosaic of geological regions. Together these 
regions weld the Archipelago to the North American continent and con- 
stitute major geological units similar to those which form the framework of 
the continent. They give to the Arctic Islands geological unity and invite 
the easy conclusions that the Archipelago is a partly submerged continental 
segment and that the bedrock geology of the islands extends to the floor of 
intervening arms of the sea. This extension is substantiated by considerations 
of structures and by interpretation of magnetic profiles over land and sea. 
As with bedrock geology, islands and parts of islands are linked together by 
physical features to form physiographic regions extending across sounds and 
straits. The surface of the physiographic regions is the product of land 
erosion processes, which must have been operative on continuous land 
surfaces, that is, initially without the discontinuities now represented by 
arms of the sea. Speculation traces the physiographic evolution of the 
Archipelago back to an over-all system of rivers, formerly draining the 
northern part of the continent wholly above sea level, and follows it through 
subsequent and successive uplift and downwarp, faulting, major glaciation, 
submergence and emergence. This speculation is presented as a working 
hypothesis on the origin of the Archipelago. Such an hypothesis is in 
harmony with the geological concept of a continental land mass and inter- 
relates, in a preliminary fashion, major physical features of the islands. It 
may also serve as rallying ground for geologists, geophysicists, physio- 
graphers, and hydrographers. It is on such premises, elaborated without the 
benefit of soundings, that the study of the sea floor within the Archipelago 
can obtain guidance from the bedrock and physical geology of the islands. 
It belongs to a large extent to the hydrographer, through his systematic 
soundings, to substantiate, refine, alter, or dispel the working hypothesis 
presented here. 


*Published by permission of the Acting Deputy Minister, Department of Mines and 
Technical Surveys, Ottawa. 
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THE ARCHIPELAGO, A PART OF CONTINENTAL NorTH AMERICA 


The bedrock geology of North Amercia is broadly divided into a Central 
Stable Region and more or less peripheral Unstable Regions. The Central 
Stable Region has undergone relatively little deformation since the onset of 
the Palaeozoic. It is divisible into the Shield, composed of exposed Pre- 
cambrian terrains, and into Lowlands (and Plateaux) of later strata, 
essentially undeformed and mantling, mainly unconformably, Precambrian 
terrains. The Unstable Regions comprise a number of deep basins and 
troughs of sedimentary deposition, most of which were deformed into 
orogenic systems. Coastal plains of more recent and undisturbed strata in 
parts separate the exposed orogenic systems from the sea. 

The geological regions of the Archipelago (Fig. 1), which can now be 
outlined on substantial ground except in the southwest, fit well into such a 
scheme. The basis for their division has been presented by Fortier, McNair, 
and Thorsteinsson (1954), among others. Further original data on the 
subject and on the dating of geological events are to be presented in sundry 
publications by R. Thorsteinsson, E. T. Tozer, R. L. Christie, R. G. 
Blackadar, W. W. Heywood, K. E. Eade, G. C. Riley, W. L. Davison, Y. 
O. Fortier, B. F. Glenister, H. R. Greiner, D. J. McLaren, N. J. McMillan, 
L. W. Morley, A. W. Norris, E. F. Roots, and J. G. Souther, all of the 
Geological Survey of Canada. The majority of these were members of 
Operation Franklin in the northern islands. 

If one puts aside consideration of the configuration of the continental 
shelf and relies solely on geology as exposed on the islands, the conclusion 
that the Archipelago is part of the North American continent rests on the 
evidence that Arctic geological regions, as outlined, are in harmony with 
the whole tectonic framework of the continent, that some of these regions 
are obvious extensions of regions of the mainland, and that, proceeding 
towards the polar sea, the geological regions succeed each other as similar 
ones do from the centre of the continent to the Atlantic, the Pacific, or the 
Gulf of Mexico. The geological concept of the extension of the North 
American continent to the Archipelago dates at least as far back as the 
syntheses of E. Suess and recently received further confirmation in the study 
of the propagation of some seismic waves. None of the islands is either 
wholly or substantially made of volcanic rock as would be a volcanic island 
recently risen above oceanic floor. The fitting mosaic of geological regions 
and the geometrical harmony of structural lines from island to island leave 
little room for the disharmony that a presumed process of continental drift 
might have produced. 


EXTENSION OF THE BEDROCK GEOLOGY OF THE ISLANDS TO THE 
INTERVENING ARMS OF THE SEA 


The arguments presented above suggest that the bedrock geology of the 
islands extends to the intervening arms of the sea. Examination of Figure 1 
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and of more detailed geological maps easily leads to such an extra- 
polation. The geophysicist can supply positive evidence on the relation of 
the bedrock geology beneath the sea floor to that of adjacent islands. 

In 1955, an airborne magnetometer survey was made along flight lines 
selected to intercept the main geological regions of the northern islands. 
Continuous magnetic recording was maintained along any line, whether it 
was over exposed land or over sea. The resulting aeromagnetic profiles are 
shown in Figure 2. The chosen gamma values for the base lines are constant 
for each profile, but vary for different profiles. Three facets of the survey 
bear on the present topic: the correlation of the magnetic profiles with 
types of geological regions; the extension of similar profiles from islands to 
arms of the sea; and local discontinuities coinciding with some sea arms. 

Two main assumptions must be made in order to correlate the aero- 
magnetic profiles with bedrock geology. First, it is known that flat-lying 
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Ficure 2.—Map showing general character of aeromagnetic profiles in the northern 
Arctic Archipelago. 
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and large geological formations generally do not cause anomalies, nor will 
folded beds other than the rare ones containing magnetic ores do so. There- 
fore, anomalies repeated on a regional scale must be due to igneous rocks, 
either of the Precambrian basement or of younger intrusions. Secondly, 
as a mantling of sedimentary strata over a Precambrian basement is 
magnetically inert, anomalies recorded over such strata must originate from 
the basement. This provides a mean to estimate the maximum depth of 
basement beneath the mantling. Such a depth is equal to half the width of 
the anomaly at half its maximum intensity. This presupposes that the 
magnetic body has sharp vertical walls, is long in strike direction, and is 
uniformly magnetized. The depth so estimated will be nearer to the true 
depth if the aeromagnetic profile cuts the body at a right angle; any other 
angle will widen the profile curve of the anomaly and indicate greater 
depth. Therefore, as there is no guarantee that most profiles obtained last 
summer are at right angle to the magnetic bodies, only their maximum 
depths can be approximately estimated. 

The aeromagnetic profiles within the Archipelago can be generally 
classified into three regions, coinciding respectively with major geological 
regions: the Shield and its peripheral mantling of flat-lying younger strata, 
with sharp anomalies in the south and east where the Shield is exposed in 
many parts, and with dwindling anomalies towards the Innuitian Region 
as the mantling increases over the basement; the southern and eastern parts 
of the Innuitian Region where thick sequences of sedimentary strata without 
igneous rocks are folded, and where magnetic profiles are generally smooth; 
thirdly, the remaining part of the Innuitian Region, especially the Sverdrup 
Basin, where widespread igneous dykes and sills are known, as well as gently 
to moderately folded sedimentary strata and lesser volcanic measures, and 
where the aeromagnetic profiles exhibit a great many anomalies, obviously 
caused by surface or near surface bodies. If the correlation between type 
of geological regions and aeromagnetic profiles holds, obviously the bedrock 
geology of the islands generally extends beneath the intervening arms of the 
sea as inferred from the general continuity of the profiles. The sharp dis- 
continuity in the profile along the line crossing the mouth of Lancaster 
Sound suggests that a fault along the south coast of Devon Island has 
depressed the basement beneath Lancaster Sound. 


A WorkKING HYPOTHESIS ON THE ORIGIN OF THE ARCHIPELAGO 


Without the help of soundings, a speculative picture only can be erected 
of a submerged network of rivers formerly draining a continuous land that 
is now the Archipelago (Fig. 3). Nansen Sound, the northern part of 
Eureka Sound, Greely and Canyon Fiords have the planimetric outlines of 
a drowned dendritic river system, as do, among others, the arms of the sea 
north and east of Norwegian Bay. Similar systems can be outlined through- 
out the Archipelago by using as control the configuration of the coasts, the 
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main sea channels, and their geometrical relations to lesser inlets, straits and 
sounds, in order to infer trunk rivers, tributaries, and direction of drainage. 

The plausibility in space and time of such a former drainage system 
requires examination. The picture obtained is that of systems of dendritic 
rivers separated into an Arctic and an Atlantic watershed by a divide 
approximately bisecting the Archipelago. The indicated divide is along a 
sinuous line that extends from northeastern Ellesmere Island southward to 
the mainland, approximately halfway between the southeastern tip of Baffin 
Island and the southwestern tip of Banks Island. With the possible exception 
of Barrow Strait, no major depression or windgap suggests that such a 
divide could have been located otherwise than indicated. The outlined rivers 
of the Arctic watershed uniformly appear, and with remarkable coincidence, 
as consequent on a northwesterly sloping surface of the Arctic watershed. 
Those of the Atlantic watershed appear less uniformly as consequent on an 
easterly and southeasterly sloping surface; possible reasons for this are given 
below. 
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The last known major marine submergence before the Pleistocene in the 
Archipelago was in Cretaceous time and the distribution of Cretaceous 
marine strata indicates that there were, at the time of their deposition, sea- 
ways and land barriers where there are none today. The inferred drainage 
system does not differ in the area of Cretaceous strata from the area of older 
terrains. Therefore, if such a drainage ever existed, it substantially evolved 
after the Cretaceous marine deposition. At least in the north, the Tertiary 
was a time of diastrophism, land rising, widespread and extended non- 
marine sedimentation, and erosion. The last orogeny in the Archipelago 
took place about that time, although it has yet to be dated more closely. 
Rivers of the inferred drainage system, such as those of the Nansen Sound 
and northeast Norwegian Bay areas, cut across the late orogenic system, 
that is the Eureka Sound fold belt. Some non-marine Tertiary strata lie in 
old drainage basins and broad valleys (Troelsen, 1950) that are in harmony 
with the inferred drainage system. Therefore, without attempting further 
precision, the latter, in part at least, is possibly dated by such sediments. 

The drainage system and its divide are not in agreement with the regional 
variation in actual elevation of the islands. The divide is partly near regional 
topographic lows, and upstream parts of many individual dendritic rivers 
are in topographically lower regions than downstream parts. Commentaries 
on this apparent anomaly lead to the inference that there was a further 
major step in the evolution of the Archipelago. 

As with bedrock geology, islands and parts of islands are linked together 
to form physiographic regions. These correspond substantially to geological 
regions whatever the main period of evolution of the latter was. That is, the 
effects of old geological events have been factors in subsequent physiographic 
evolution. The Late Palaeozoic (Tozer, 1956) Parry Islands fold belt was 
apparently a subsidiary height of land of the Tertiary drainage system and 
the Late Palaeozoic (Tozer, 1956; Troelsen, 1952; Blackadar, 1954) 
central Ellesmere fold belt, the Middle Palaeozoic (Thorsteinsson, 1956) 
Cornwallis fold belt, and the Boothia Arch coincide approximately with the 
main divide of the drainage system. But the regional variation in elevation 
of the islands across the whole Archipelago, systematically high in the east, 
moderately high in the west, and mainly lower in between, appears as an 
over-all scheme that transcends orogenic lines and geological regions. It 
must have evolved after the establishment of the drainage system as the 
latter could not have developed on such a surface. It is on a scale that calls 
for diastrophism and is beyond the possibility of Pleistocene emergence. 

The maximum level of Pleistocene submergence, and the scale of the 
subsequent emergence that has taken place in the whole Archipelago and 
apparently still goes on in most places, is roughly known through raised 
beaches and stranded marine fauna. Such deposits conform to coastal 
features that extend inland above the level of maximum submergence and 
that pre-date the submergence. The general variation in elevation of the 
islands, or the regional warping of the Archipelago which must have caused 
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it, dates before the Pleistocene submergence. Up to its maximum level, the 
latter covered features of a fcrmer land glaciation much more extensive 
than now exists. 

To continue this web of inferences and deductions, the peak of the di- 
astrophism that warped the Archipelago is easily imagined to coincide with 
a change of climate. This change brought the onset of glaciation and saw 
the end of Miocene and possibly Pliocene vegetation, including pines, 
presently not found in the Arctic environment (Blackadar, 1954). The 
westerly sloping surface of Baffin, Devon and part of Ellesmere Islands is 
highest in the proximity of the eastern coasts. It encompasses plateaux of 
Palaeozoic strata to the west and, to the east, uplands and highlands of 
Precambrian terrains eroded into mountains in their higher parts, that is, 
facing the east coasts. Glaciation has contributed to refine the sculpturing 
of such mountains through which fiords extend. Heights of land asym- 
metrically located on the general sloping surface point to the relatively 
recent origin of its elevation, as does the escarpment of its coasts. 

It remains to be seen how the old drainage system, which presumably 
evolved in the Atlantic as well as the Arctic watershed along a surface 
sloping away from a main divide, adjusted itself to a dioastrophism 
generally uplifting the surface in downstream parts and downwarping it in 
some upstream regions. The stream pattern of the Arctic watershed that 
uniformly developed was maintained because erosion must have kept 
abreast of the moderate western uplift. The evolution of the Atlantic water- 
shed appears to have been more complex, most likely because a greater rate 
of uplift, which resulted in greater heights, either caused reversal of drain- 
age or was accompanied by local faulting along the lines of the old drainage. 

The three depressions linking the head of Cumberland Sound with 
Nettilling Lake and the Foxe Basin Lowlands, the head of Frobisher Bay 
with Amadjuak Lake and the Lowlands, and the head of Chorkbak Inlet 
with the Lowlands may have been valleys of the old drainage system that 
became windgaps by uplift. There is here the further possibility that faulting 
tilted southwesterly blocks between the depressions. 

Within the uplands, but especially within the plateaux, are steep coasts 
of youthful appearance. Many sounds and straits bounded by such coasts 
represent abrupt interruptions of land surfaces otherwise generally uniform. 
Straight or smoothly curved escarpments that coincide with these coasts, 
such as those along Lancaster Sound, have engendered the speculation that 
they are fault scarps and that the contained arms of the sea occupy fault 
blocks. As pointed out above, a sharp discontinuity at the south coast of 
Devon Island along an aeromagnetic profile that crosses Lancaster Sound 
is substantial ground for believing that a major dislocation in basement 
rocks has occurred at that point on the coast. Normal faulting has been 
recognized in many areas of that region and topographic depressions are 
known to be bounded by steep fault scarps. No Pleistocene deposits are 
known to be faulted. Normal faulting is commonly attendant on a major 
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uplift. It is therefore a possibility, along Lancaster Sound for instance, 
that the old drainage system, in part of its Atlantic watershed, main- 
tained with the help of faulting its easterly flow during uplift. There 
is the further possibility that faulting and occasional downwarping of some 
regions during the diastrophism may have brought segments of the continent 
below sea level. To be sure, fiord erosion during glaciation resulted in some 
inundation of land by the sea but could not have scoured such a pattern 
and on such a scale as that of the depression attributed originally to a system 
of rivers. No ice cover which could have produced fiords along such lines 
is known in the Archipelago. 

Through Pleistocene emergence, submergence, and glaciation, and 
through an apparently late Tertiary differential uplift, the physiographic 
origin of the Archipelago is tentatively traced back to an earlier Tertiary 
system of rivers draining a land totally above sea level and extending over 
the whole confine of the Archipelago of today. This working hypothesis is 
in accordance with the thesis that the Archipelago is an extension of the 
North American continent and that the bedrock geology of the Arctic 
Islands extends to the floor of the seaways that separate them. 


PossIBLE FEATURES OF THE SEA FLOOR BEYOND THE ARCHIPELAGO 


The Northern Ellesmere fold belt has, in its granitic intrusions, basic and 
ultrabasic rocks, and high metamorphic terrains, geological elements usually 


found in belts of much more extensive distribution than the northern Elles- 
mere occurence. This causes speculation as to the possible extension of such 
a belt to the east and beneath the polar sea to link with the metamorphic 
terrains of northernmost Greenland. A western extension would be again 
under the polar sea and possibly also beneath the northwestern part of the 
Sverdrup Basin. The suggestion that the Lomonosov Range, which divided 
the floor of the polar sea into two main basins, is directed towards Green- 
land and Ellesmere Island invites investigation of the relation, beneath the 
polar sea, of the range with the orogenic belts of Ellesmere and Greenland. 
The status of the Parry Islands fold belt past Melville Island is confused by 
younger geological occurrences. The possibility that it extends west of the 
Archipelago and beneath the polar sea, even to link with tectonic ranges of 
the northwest mainland, deserves attention. Unfolded volcanic measures 
lying unconformably over the Shield in the area of Padloping Island, on the 
east coast of Baffin Island, may be part of a belt that would lie beneath 
the waters of Davis Strait and emerge on Disko Island off western 
Greenland. 
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Geophysical Observations on the History 
and Structure of Sable Island* 


P. L. WILLMORE and R. TOLMIE** 


Presented by C. S. BEALS, F.R.S.C. 


INTRODUCTION 


ABLE Island is the exposed part of an extensive shoal area situated 
SS shone 100 miles off the south coast of Nova Scotia, at about latitude 
44° N., longitude 60° W. Several descriptions of the character and history 
of the island have been published (see, for example, Erskine, 1954; 
Goldthwaite, 1924; Macoun, 1899; and Patterson, 1894). In spite of the 
continued interest which the island has attracted, geologists are not fully 
agreed on its nature or structure. Suggestions which have been made are as 
follows: 

(1) That the island is held in place by ridges in the underlying rock, in 
much the same way as the sand-bars of the Magdalen Islands connect the 
outcrops of rock which constitute Amherst, Grindstone, and Grosse Islands. 

(2) That the sand is held together by a confluence of ocean currents. 

(3) That the banks of which Sable Island is the highest point represent 
material carried into position by the melt-waters of the receding ice-cap, 
and that they are now being washed away as fast as the ocean currents can 
disperse them. 

During the summer of 1955, the Dominion Observatory, the Atlantic 
Oceanographic Group, and the Nova Scotia Research Foundation con- 
ducted a joint seismic investigation of the Gulf of St. Lawrence. The 
principle of this operation was to drop a pattern of depth charges in the 
sea, and to observe the resulting seismic waves by means of lines of seismo- 
graphs on land. It was decided that this survey could profitably be 
augmented by observations of an additional line of depth charges south of 
Nova Scotia, and that three seismographs should be operated on Sable 
Island to record the waves travelling southwards from these shots. In view 
of the interest attaching to Sable Island itself, it was also decided to conduct 
short-range refraction measurements in an attempt to throw further light 
on the structure. 

The field party operated on Sable Island for about a week, in the course 
of which time a number of features were noticed which seem worthy of 

*Contributions vol. 1, no. 31, from the Dominion Observatory. Published by per- 


mission of the Deputy Minister, Department of Mines and Technical Surveys, Ottawa. 
**Dominion Observatory, Ottawa; Dalhousie University, Halifax. 
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further mention. As these fit in naturally with a general description of the 
island, they will be dealt with before the seismic results. 


PHYSICAL FEATURES OF THE ISLAND 
Topography and Vegetation 
An outline map of Sable Island derived from the R.C.A.F. air survey of 
1952 (Cameron, 1954) is reproduced in Figure 1. It will be noted that the 





SABLE ISLAND 











Ficure 1.—Map of Sable Island, based on the air survey of 1952. 


island is a little less than one mile wide and about thirty miles long. At the 
eastern end, almost the full width of the island is occupied by dunes stabil- 
ized by a dense mat of vegetation. Further west, the region south of the 
centre line is a flat area of bare sand, all lying within a foot or so of high 
water-mark. The vegetation on the dunes north of the sand flats is fairly 
sharply divided into two types, one being similar to the dense mat found 
in the east, and the other being thin marram-grass, beach pea, yarrow and 
seaside goldenrod. Erskine describes the two habitats as the low dunes and 
high dunes respectively, although it did not appear to us that the difference 
in topography was sufficient to justify such a description. We shall, there- 
fore, use the words “stabilized” and “unstabilized” in preference. The con- 
trast between the vegetation on the two types of dunes is illustrated in 
Figure 2 (a) and (bd). 

Along the north shore, where the unstabilized dunes drop steeply to a 
narrow beach, a conspicuous band of humus is exposed. (Fig. 3). Investi- 
gation showed that this could be found almost everywhere under the un- 
stabilized dunes, although the present flora are not leaving any comparable 
deposit of vegetable matter. The vegetation on the stabilized dunes, however, 
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(a) b) 
Figure 2.—Vegetation on (a) stabilized and (b) unstabilized sand dunes. 


is rooted into thick humus, and here there is no evidence of a separate, 
buried layer. On the sand flats, eroded remnants of what have apparently 
been large dunes can be seen south of the lake and south of West Light, and 
traces of the humus can be found in the sand nearby. 

The wide distribution of the humus in areas which are not now producing 
anything like it indicate that the unstabilized dunes have advanced over 
considerable areas in recent times. In attempting to fix a time scale for this 


process, we refer to Patterson’s account of 1894, in which he describes the 


Figure 3.—Layer of humus exposed on the northern face of unstabilized dunes. 
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island as “two parallel ridges of loose gray sand in a bow or crescent shape 
with the inner side to the north. In the valley between them is a lake, now 
not more than eight miles long, formerly nearly twice that length.” Else- 
where in his paper, Patterson writes, “Descending into the central valley 
(the visitor] finds a soil of black peaty texture to a depth of fifteen or eigh- 
teen inches. . . . In the interior around the lake are seen wild roses, asters 
and lilies, and abundance of strawberries, blueberries and cranberries, the 
latter forming an article of export of some importance.” Thus, Patterson’s 
description indicates not only that there was a ridge south of the lake where 
there is now flat sand, but also that the lake itself was surrounded by vegeta- 
tion which has entirely disappeared. Macoun, writing five years later, 
describes the southern sand flats as existing in almost their present form, 
but, in agreement with Patterson, mentions that grass-covered dunes south 
of the lake had disappeared during the ten years preceding his visit. 


Investigation of Sand Samples 


Samples of sand were collected from the south face of an unstabilized 
dune and from the water’s edge on the south coast of the island. The longest 
and shortest diameters for 33 grains of each sample were determined by 
measuring the images formed by a projection microscope. For this purpose 
the “diameter” is defined as the distance between parallel tangents to the 
horizontal outline of a grain resting on a flat surface. The “rotundity,” 
which is the ratio of the shortest to the longest diameter, was also determined 
for each grain. The means of the results obtained are entered in Table I. 
The uncertainties given are the root mean square deviations for a single 
observation. 


TABLE I 


Longest Shortest 
diameter diameter 


Dune sand 0.37+0.08 0.47+0.10 0.75-40.12 
Beach sand 0.42+0.17 0.54+0.16 0.75+0.13 


Rotundity 


The main bulk of the samples were subjected to screening and heavy- 
mineral examination in the Sedimentology Laboratory of the Geological 
Survey of Canada. The size distribution is given in Table II. 

TABLE II 


Dune sand % Beach sand % 
1.0 0 0.1 
1 0.5 6.4 11.4 
0.5 -0.25 84.0 84.: 
0.25 -0.125 9.4 4.1 
0. 125-0 .0625 0.1 0.1 
l 


Screen size (mm) 





< 0.0625 


0.1 


0. 


The heavy mineral contents of the dune and beach sands were 4 per cent 
and 5 per cent respectively. Each sample contained some grains which could 
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be clearly recognized as beach sands, and others which had the character- 
istically rounded form produced by wind action. 

The figures in Table I may be compared with the results given by Erskine, 
who measured the longest and shortest diameter for each of ten grains 
shaken from the roots of plants. His value for the mean rotundity was 0.80, 
which does not differ significantly from our value. Tables I and II both 
indicate that the average size of the grains taken from the dune was a little 
smaller than that of the beach sand, but that otherwise there was very little 
difference between the samples. We conclude that much of the dune sand 
which is blown into the sea is returned to the island by circulating ocean 
currents, and it is quite likely that this same system of currents is bringing 
in additional sand from other areas. 


Historical Note 


In their historical discussions most writers have been deeply impressed 
by the apparently rapid wastage of the island, and have stated that it was 
much larger a few centuries ago than it is today. However, these assessments 
have been based largely on the comparison between modern observations 
and the somewhat romantic descriptions of seventeenth- and eighteenth- 
century travellers. They have also been coloured by the fact that recessions 
of the coastline often cause severe hardship and loss, and have therefore 
attracted more attention than the comparable advances which have occurred 
at other times. The charts reproduced by Goldthwaite show that, in 1766, 
the island measured 26% X 1.2 miles and the central lake measured 15 & % 
miles. In 1950, the main part of the island measured about 18 0.9 miles, 
but the lake had shrunk to 3%  % miles and a sand bar, 8 miles long, had 
emerged at the eastern end. In consequence, the total area above water was 
probably greater in 1950 than it was in 1766. It is not clear that the recent 
shrinkage of the boundary combined with the filling of the centre is an indi- 
cation of any long-term trend, and it might be better to base further con- 
clusions on changes in the water depth over a fairly large area of Sable 
Island Bank, rather than on changes in the very unstable coastline of the 
island itself. 


SEISMIC OBSERVATIONS 


The attempt to record distant explosions referred to in the Introduction 
was defeated by the high seismic background on the island, but observations 
were made along the two refraction profiles which are shown in Figure 1, 
and on the waves travelling from shots in the lake to seismographs near the 
Quonset huts and near Old West Light. On line 1, shots fired at distances 
up to 1,600 feet from the furthest geophone indicated a velocity of 5,430 
ft/sec. with no indication of any increase with depth. The second line, along 
the southern edge of the central lake, yielded a velocity of 5,570 ft/sec. out 
to a range of 2,100 feet. The difference between the two velocities is not 
enough to indicate a significant difference in the propagating medium, and 
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a combined value of 5,500 ft/sec. will be adopted. In each case the intercept 
of the travel-time curve was only 0.005 sec., indicating that there was no 
significant change of material from the greaiest depth attained to within 
two or three feet of the surface. Evidently the sand is the bulk material, and 
the small intercept is due to looser packing or incomplete saturation of the 
top few feet. 

At this stage in the work, it became clear that further information could 
only be obtained by shooting over much longer ranges, and hence that larger 
charges and more tamping would be required. On the sand flats, the avail- 
able tamping was limited by the fact that the shot holes collapsed if they 
were driven more than about two feet into the wet sand, and it was there- 
fore decided to fire in the lake, where about six feet of water was available. 
The limitation arising from the length of the shot cable was overcome by 
using the long-range seismographs which had been brought in to record the 
depth charges. These seismographs were designed to operate through radio 
transmitters, and it proved possible to couple the output of the receivers to 
the amplifier input of the short-range equipment. One radio seismometer 
was set up beside the Quonset hut near the present West Light, and the 
other near the Old West Light, 5,700 feet further west. Waves from the 
shots fired in the lake were recorded by these stations at distances up to 
17,000 feet. A sample record is shown in Figure 4. Unfortunately, the trans- 
formers in the short-range amplifiers have too short a time constant to 


LOW GAIN _—_— > 
HIGH GAIN 


ers 


fe WS 


‘ 


rest comer 
ergs sy | | SECOND ONSET 


Bb cho * PL. 





Ficure 4.—Portion of seismic record, showing low-gain and high-gain traces recorded 
at a distance of 11,800 feet. 


handle the longer periods present in the radio signal, and therefore overload 
very readily. Many of the sharp breaks in the later part of the record are 
believed to arise from this fact. 

The travel times for both long-range and short-range experiments are 
plotted on Figure 5. At the Quonset hut seismometer, the waves arrive in 
the form of a double onset, with the second pulse much stronger than the 
first. Both pulses travel at a speed of about 7,100 ft/sec., and the intercept 
of the leading one corresponds to a propagation depth of 1,350 feet. The 
seismometer at Old West Light was too far away to record most of the shots, 
but did record the second part of the double pulse for one specially large 
shot. This onset fits almost exactly on to the appropriate travel-time line, 
and tkereby suggests that the top of the refracting layer is essentially hori- 
zontal between Old West Light and the lake. 
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Ficure 5,—Travel-times of seismic onsets. 


Various possible reasons for the existence of the second onset have been 
considered, but the only known event which occurs at about the observed 
time is the venting of the gas bubble produced by the explosion. It is, how- 
ever, rather surprising that this should produce such a large onset, and it 
is not clear why the effect should not appear on many explosion seismograms 
from other surveys. A possible structural interpretation is that the material 
which transmits the seismic waves at 7,100 ft/sec. is in the form of a trough 
running parallel to the island, and has a cross-section which would allow one 
refracted wave to run along the bottom of the trough while another ran 
along the side. Another possibility is that the wave is transmitted along a 
layer of hard rock lying deeper than the first interface, which happens to be 
dipping at such an angle that the apparent velocity of waves refracted along 
its surface is reduced to 7,100 ft/sec. Suggestions which have been excluded 
for various reasons are that the wave is a reflection from the surface of the 
lake or from the layer which transmits at 7,100 ft/sec., that it is a water 
wave travelling to the end of the lake before entering the sand, that it is 
produced by distortion in the amplifier, and that it represents a complete 
pulsation of the explosion bubble. 

Whatever may be the exact interpretation of the seismic onsets, the 
important observation is that waves are clearly recorded at the indicated 
times, and that no appreciable amount of energy arrives any earlier. Onsets 
ahead of those plotted on Figure 5 would have been expected from any con- 
tinuous layer of rock with a velocity as high as 8,000 ft/sec., existing within 
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1,800 feet of the surface under our long-range profile. Our negative result 
fits in with marine seismic data obtained in the vicinity (Officer and Ewing, 
1954). In their profiles numbered 50 and 51 southeast of Halifax, these 
authors founc evidence of unconsolidated sediments with velocities of 5,520 
and 5,720 ft/sec. giving place to “semiconsolidated sediments” with veloci- 
ties of 9,040 and 8,140 ft/sec. respectively, at depths of up to 2,340 feet. 
Our velocity of 7,100 ft/sec. is fairly close to values which Officer and 
Ewing find for a lower division of the unconsolidated sediments at various 
places on the Atlantic Shelf. 


CONCLUSIONS 


In considering the seismic results, it must be remembered that the success- 
ful observations only covered about a fifth of the length of the island, near 
the western end. In this region, we found nothing to indicate a difference of 
structure between Sable Island and the submerged banks nearby. 

Historical reports and the existence of deeply buried vegetable remains 
indicate that large volumes of sand have moved over the surface of the 
island in historical times. The character of the sand samples indicates a 
continuous interchange of sand between the beach and the unstabilized 
dunes, and we suggest that circulating ocean currents, tending to return 
sand blown into the sea, may play a part in this cycle. The historical 
evidence for a net wastage of the island does not appear to be conclusive. 
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INTRODUCTION 


HE waters around New Brunswick and Nova Scotia contain two 
features for which no adequate geophysical explanation has been avail- 
able. The first of these is Sable Island, which appears to be a sand bar 
resting near the edge of the continental shelf. The second is the remarkably 
circular sweep formed by the north coasts of Cape Breton Island and Nova 
Scotia, and by the east coast of New Brunswick (Fig. 1). 
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Ficure 1.—Map showing area of operations and positions of shot points and recording 
stations. 
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The stability of Sable Island has long been a subject of discussion, and 
one suggestion is that a ridge of rock may underlie the sandbank. Informa- 
tion on the nature of any such rock would be of considerable geological 
interest, and in this connection it was considered that a seismic refraction 
profile along the island might yield important information. 

The interest in the Gulf of St. Lawrence arises largely from the fact that 
a number of other circular features are known to exist in Canada. Some of 
these have been studied in detail by parties from the Dominion Observatory 
and other organizations, and the evidence seems to support the idea that 
some of these features are craters formed by the impact of large meteorites. 
The circular part of the Gulf of St. Lawrence, being about 330 km. in 
diameter, is far larger than any proven meteorite crater on the earth, but it 
it not much larger than the lunar crater Clavius (234 km.) and is smaller 
than many of the circular maria on the moon. As there is a strong school 
of thought which ascribes a meteoric origin to both lunar craters and maria, 
the possibility that the Gulf of St. Lawrence was a member of the equivalent 
terrestrial sequence seemed worthy of investigation. A meteorite explosion 
of the suggested size would shatter the basement rocks for a depth of many 
kilometres, and would probably even disturb the materials below the 
Mohorovicic Discontinuity. Existing geological and geophysical evidence 
has little bearing on the possibility of a large deep-seated structure. 

It was decided that the sort of structure which was to be expected on the 
explosion hypothesis might be detected by a seismic refraction survey, 
covering a sufficient area to allow P; and, if possible, Pn to be recorded as 
first arrivals. Further consideration showed that such a survey could be 
carried out by firing explosive charges under water, and by detecting the 
resulting seismic waves on land. Since the desirable area for the explosions 
extended as far as Sable Island, it was decided that the problems of Sable 
Island and of the Gulf of St. Lawrence should be investigated in the same 
survey, although the Sable Island results have been presented as a separate 
contribution to this symposium (Willmore and Tolmie, 1956). 

The survey was planned as joint operation by the Dominion Observatory, 
the Atlantic Oceanographic Group, the Nova Scotia Research Foundation 
and the Royal Canadian Navy, and was carried out between August 3 and 


September 15, 1955. 


OPERATIONAL TECHNIQUE 


The operation required a series of blasts, large enough to generate seismic 
waves which would be detectable through the microseismic background at 
distances of the order of 300 km. The detecting instruments were moving- 
coil seismographs, which could be coupled directly to galvanometers, or 
alternatively could be connected through amplifiers to radio transmitters. 
Wher the radio-link was used, the outputs of up to four seismographs could 
be transmitted over distances up to 30 miles, and recorded side by side on 
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Figure 2.—Sample records: (a) Drum records at a distance of 89 km., showing the out- 
put of one channel with time marks every minute. (b) Section of record from the 12- 
channel recorder, showing radio time signals and the outputs of four seismographs. Timing 
lines mark seconds and tenths of seconds. 


the same sheet of photographic paper. Sample records are shown in Figure 
2 (a) and (b). 

Previous experience of underwater explosions in Canada has indicated 
that charges weighing a few hundred pounds would, if fired in a sufficient 
depth of water, provide adequate seismic waves. For reasons of uniformity 
and convenience it was decided to use standard 300 lb. depth charges. 
Twenty of these were provided by the Navy. The charges were handled by 
Navy personnel operating aboard the oceanographic vessel Sackville, 
nineteen of them being dropped in the positions indicated by the small 
numbered squares on Figure 1. The remaining charge was used for a test 
explosion off Halifax. In referring to a complete line of shots, the first digit 
of each number may be used. Thus shots 31—34 are sometimes described as 
line 3, shots 21—25 are described as line 2, etc. 

Before the beginning of the operation, it had been hoped that the sound 
of the blast could be transmitted by radio from the shot vessel to the land 
recorders, thereby eliminating the need for any other precise timing system. 
It was found, however, that reliable radio communication could not be 
maintained over the necessary range. The shots and the seismic onsets were 
therefore related to impulses provided by a contact chronometer at each 
station, the chronometers being rated before and after each shot against 
radio time signals broadcast by the Dominion Observatory Station CHU. 
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On the shot vessel, a drum recorder was used to record the blast and the time 
impulses, and as a precautionary measure the sound of the blast was checked 
by two stop watches operated by different observers. Comparison of the 
stop watch readings with the drum records indicated that when all methods 
of timing were in use, the time given for the arrival of the shock wave at the 
ship is reliable to within + 0.1 sec. Unfortunately, the vibration and rolling 
of the ship sometimes disturbed the operation of the drum recorder, and 
under such conditions, time errors of the order of = 0.2 sec. may be possible. 
At the recording stations on land, individual time marks were read to 0.01 
sec., and the interpolations, including errors due to variations in the record- 
ing speed, are probably accurate to + 0.1 sec. 

At the instant of detonation, the distance between the charge and the 
ship and the distance of the charge from the sea bottom could be calculated 
from known values of the depth of water, the ship’s speed, the rate at which 
the charge sank through the water and the interval between the dropping 
of the charge and the detonation. The time at which the shock wave struck 
the sea bottom is taken as the shot instant, and is calculated from the 
observed time at which the blast hit the ship by allowing for the travel- 
times of the waves through the water. The largest correction which had to 
be applied in this way was 0.13 sec. 

The positions of the shots north of the Cabot Strait were determined by 
dead reckoning between land fixes at the ends of the line, while on the 
Atlantic Shelf land fixes and Loran observations were used. Inside the circle 
of the Gulf of St. Lawrence, locations were improved by the fact that the 
Hydrographic Survey vessel Kapuskasing was operating in the area and was 
able to drop a series of marker buoys near the proposed shot positions. The 
locations of the buoys were determined by means of Decca navigation equip- 
ment and are probably accurate to within a few hundred feet. Outside the 
Gulf, navigational uncertainties are probably of the order of a kilometre. 
Since the first seismic arrivals are propagated at a speed of about six kilo- 
metres per second, the errors arising from the uncertainty of positions 
outside the Gulf are probably comparable with the timing errors of the 
shots. On combining the known sources of error due to position and time, it 
appears that experimental inaccuracy could contribute about + 0.3 sec. 
to the uncertainty of a single time observation. 

The seismographs were set up in the positions indicated by the small 
black circles on Figure 1. The equipment was operated by three parties and 
was first set up on the Magdalen Islands (stations 01-03), western Prince 
Edward Island (station 70), and near Moncton (stations 27—30). On the 
Magdalen Islands, station 01 was equipped with a four-channel drum 
recorder, one direct-coupled Willmore-Watt seismometer, and a_two- 
channel radio receiver. Stations 02 and 03 had seismometers and radio 
transmitters for recording on the base recorder. The fourth channel of this 
recorder was used for time marking. Station 70 consisted of a single seismo- 
meter directly coupled to a recorder. Station 20 was equipped with a twelve- 
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Magdalen Islands Brunswick Nova Scotia 
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Note: In this table, the upper member of each pair of numbers gives the travel-time of the 
onset in seconds. The lower member of each pair gives the distance in kilometres between the 
shot point and the recording station. 
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channel prospecting-type recorder, recording direct signals from a séeis- 
mometer nearby, and radio signals from the four out-stations. 

The array of seismometers described in the last paragraph was used to 
record the seismic waves from shots 11-14 and 21-25. It will be noted that 
shots 21-25 were observed by seismographs at both ends of the line, and 
that the line of seismographs on the Magdalen Islands is located to receive 
shots from both ends. These therefore constitute “reversed profiles” from 
which independent determinations can be made of the basement velocity 
and of the time taken for seismic waves to penetrate the overlying sedi- 
ments. 

After this series of blasts, the equipment from station 70 was moved to 
point 80 in eastern Prince Edward Island, and the stations from Moncton 
were moved to a location near the Canso Strait (points 40 and 47-50). 
When the operation was planned, it had been hoped that these stations 
could be laid out close to a line running between shots 34 and 45 so that, 
together with station 80, the combined line of stations would constitute an 
additional reversed profile. Unfortunately, the operator was unable to find 
suitable sites for the V.H.F. transmitters in the rugged country northwest 
of Station 40, so that the stations had to be laid out in the positions in- 
dicated, where they cover a much smaller spread of distance for each shot. 
Shots 31-34 were recorded by this network. After shot 34, the equipment on 
the Magdalen Islands was transferred to Sable Island, in the hope of record- 
ing the waves travelling southwards from the remaining explosions. 

Unfortunately for this plan, the disturbance due to the surf breaking on 
Sable Island was too great to allow any waves through the bedrock to be 
detected there. The radio receiver at station 80 broke down at the time when 
it should have been recording time signals for shots 31-34. The stations in 
Nova Scotia were so situated that they recorded only P» from shots 31-34 
and P; from shots 43-45. Thus there are no records of equivalent waves 
advancing from both north and south, so that the advantage of reversed 
observations was not realized for this part of the operation. The travel- 
times of the first onsets and the associated distances are given in Table I. 


Discussion OF TRAVEL-TIMES 

Recognition of Onsets 

The first stage in the reduction of the observations was to plot the travel- 
times of the onsets as a function of distance. Many of the records showed 
several groups of waves, but it was found that only the first onsets fitted into 
a simple pattern, and the interpretation is therefore restricted to these. It is 
believed that the later onsets represent the arrival of waves through the 
Carboniferous and overlying sediments, which could not be interpreted 
because the network of shots and recording stations was too widely spread 
in relation to the scale of the sedimentary formations. The times of the first 
onsets for shots inside the circular part of the Gulf of St. Lawrence are 
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Ficure 3.—Travel-times of waves from shots inside circle, Gulf of St. Lawrence. 


separated from those obtained from the Cabot Strait and Scotian Shelf, and 
the two groups are plotted in Figures 3 and 4 respectively. The first onsets 
observed at distances less than 162 km. define a velocity of about 6 km/sec., 
whilst those observed at more than 197 km. define a velocity of more than 
8 km/sec. Onsets observed between 162 km. and 197 km. cannot be 
identified with certainty, an. will be excluded from the discussion. ‘The 
pattern of travel-times is common to almost all crustal studies, and in 
accordance with the usual practice we shall refer to the two main branches 
of the curve as P: and Pr» respectively. The onsets plotted on Figure 4 do 
not allow the two branches of the curve to be distinguished, probably 
because there are too few observations in the P» range. In Figures 3 and 4, 
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Figure 4.—Travel-times of waves from shots outside circle, Gulf of St. Lawrence. 


the lines through the origin are drawn with a standard slope of 6.0 km/sec. 
to provide a basis for comparison. They have not been fitted to any 
particular set of data. 


Reduction of P: Observations 


The travel-times of P; show that significant differences exist between 
different groups of stations and shots in similar ranges of distance. Thus the 
shots inside the circular part of the Gulf, observed from station 70, yield 
travel-times which are about a second shorter than those obtained from 
shots north of the Cabot Strait, observed in the Magdalen Islands. The 
conventional method of treating the results would be to fit straight lines to 
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the travel-times for each line of Shots as observed by each station in turn, 
and then to assign values of depth and of dip to the Pi layer under each 
profile. ‘This method implies that each part of the structure can be approxi- 
mated to by a set of plane strata. Such an approximation is often justified 
in prospecting work where the individual spreads are short in comparison 
with the dimensions of the structures which are being investigated, but it 
is not adequate for the present case. In preference, we express the travel- 
time between two points of the structure in the form 


too =a+b+ Ay/v (1) 





where v is the velocity of the refracted wave, and Aq» is the distance between 
the shot point and the recording station. The “time terms” a and 6 are of 
the form 


c= ty wee (2) 


where vy is the velocity of seismic waves in the rth layer above the one in 
which the waves travel horizontally, and hy is the corresponding thickness. 
In a horizontally stratified medium the time terms a and b would be the 
same everywhere, and the equation would yield a straight travel-time line 
with an intercept of 2a. 

Equation (1) enables the sum of two time terms to be estimated from 
each observation of travel-time. Since the number of travel-time observa- 
tions is greater than the total number of time terms involved, the time terms 
can be determined individually by the method of least squarcs. The 
simultaneous solution of the relatively large set of normal equations which 
arises in this way is obtained by the Cracovian method of Banachiewicz and 
is discussed in detail in another paper (Scheidegger and Willmore, 1957). 
The Cracovian method yields a velocity of 6.08 + 0.13 km/sec. for Pi, and 
a standard deviation of + 0.45 sec. for one time observation. The time 
terms, together with their standard deviations, are given in Table II. As 
the time terms are only about twice as large as their deviations, several of 
them are required to establish a firm conclusion. Equation (1) shows 
that the array of time terms must contain an undetermined parameter 
as indicated in Table II, for if an arbitrary constant (i.e., 2) is added to all 
the shot time terms (i.e., the a’s) and subtracted from all the station time 
terms (i.e., the b’s), the observational equations are obviously unaltered. 
It is important to note that a single value of a applies to the whole set of 
time terms which is yielded by any one Cracovian solution. 

In the present case, the value of a is chosen so as to make the results fit 
the known geological facts as closely as possible. As the sediments can delay 
the seismic waves but cannot accelerate them, we assume, subject to ex- 
ceptions due to errors of observation or variations in the basement velocity, 
that all time terms are positive. For convenience of calculation, the time 
term at station 70 was set equal to a so that a positive value of the parameter 
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TABLE II 
Shot no. Time term Station no. Time term 

11 1.8+0.45—a 01 1.2+0.28+a 
12 1.3+0.45—a 02 0.8+0.43+a 
13 0.4+0.38—a 03 0.6+0.28+a 
21 1.0+0.3l—a 70 0.0+ea 

22 1.5+0.31—a 

23 1.2+0.3l1—a 

24 1.3+0.3l—a 

25 1.3+0.3l—a 

31 0.6+0.52—a 

32 1.0+0.52—a 

33 1.2+0.52—a 

34 1.6+0.52—a 


must be chosen. The smaliest time term in the underwater positions was that 
at shot 13, which was equal to 0.4—a, from which it follows that a cannot 
exceed 0.4 sec. The time terms which appear when a is given the two ex- 
treme values 0 and 0.4 are plotted on Figure 4, the term corresponding to 
the smaller value of a being entered as the left-hand member of each pair 
of numbers. 
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Ficure 5.—P, time terms. Each pair of numbers indicates the limiting values of the 
time term, obtained by assigning values of 0 and 0.4 sec. respectively to the arbitrary 
term a. 


At this stage, we must clarify the distinction between the “basement” or 
“granitic layer” through which it is assumed that the Pi waves travel almost 
horizontally, and the “sediments,” in which they are refracted fairly steeply 
towards the surface. In crustal studies, it is generally assumed that the P; 
waves are transmitted horizontally through the Precambrian basement 
rocks, so that every time term is the sum of the contributions of all the 
materials above the Precambrian at the point of observation. However, in 
and around the Gulf of St. Lawrence, the most important of the contributing 
formations are the Devonian granites and metamorphic rocks, the Carboni- 
ferous sandstones, limestones and shales and the Recent unconsolidated 
sediments. (See, for example, Geological Survey of Canada sheet 910A, 
and the large-scale maps listed thereon.) In accordance with short-range 
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refraction data for the area (Gussow, 1953; Officer and Ewing, 1954; 
Willmore and Tolmie, 1956, etc.) we shall assume that the average veloci- 
ties in the three major groups are about 5.7 (Devonian), 4.0 (Carboni- 
ferous), and 1.7 km/sec. (Recent sediments), respectively. On inserting 
these velocities in equation (2), we find that the respective time con- 
tribution of a given thickness of each formation is 0.06, 0.19 and 0.56 
sec/km. The Carboniferous sediments extend to very great depths at some 
places in the Gulf area, while the Recent sediments, although generally 
much thinner, produce large time effects in proportion to their thickness. 
We shall therefore assume that most of the variations in the time terms 
arise from variations in these formations, although the possibility that the 
Devonian makes significant contributions will be mentioned again at the 
appropriate stage in the discussion. 

On considering the run of the time terms, we note that the values along 
shot line 3 increase steadily towards the south. Extrapolating the trend as 
far as station 80 on Prince Edward Island, we find a time term of about 
1.7—a sec. If there is a substantial thickness of sand on the sea bottom, 
ending at the coast, this will contribute to the time terms for the underwater 
points, and the extrapolated value may be too high for station 80. The 
station is near the centre of a large negative gravity anomaly, which is 
believed to be due to a great thickness of sediments in this region (Garland, 
1953). At Charlottetown, which is about 30 miles away, the gravity 
anomaly is about 17 milligals less negative, and a deep borehole has in- 
dicated about 12,500 feet of sediments above the top of the Windsor 
formation. Thus an estimate of perhaps 20,000 feet (6 km.) of post- 
Windsor sediments associated with a time term of 1.7—a sec. would not be 
unreasonable for station 80. 

On the Magdalen Islands, we find time terms in the range of 0.6 + a 
secs. near station 03, and 1.2 + a sec. at station 02. Windsor sediments 
outcrop in the Magdalens, so we should expect much smaller time terms 
than those found for station 80. Igneous rocks are also found on the Mag- 
dalen Islands (Alcock, 1941), and if these occupy a significant part of the 
total volume, they would be expected to reduce the time terms still further. 
To satisfy all the requirements, a must be set close to its lower limit. In the 
absence of any further data we put a = 0 and therefore adopt the left-hand 
member of each pair of the time terms plotted on Figure 5. 

The adopted time terms now run almost continuously from the centre of 
the Gulf of St. Lawrence into the southwestern end of the Magdalen Islands, 
but there is a break of about 1.4 sec. between the extrapolated trends north- 
eastward across the Magdalens and westwards across the Cabot Strait. It 
is known that there is a heavy deposit of sand in this area, but about 3 km. 
would be required to explain the time terms and this is not very credible. 
It would be more probable for some of the time terms to arise from an 
increase in the thickness of Carboniferous material, but in this case an even 
deeper trough in the basement would be required. 
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The structure which is suggested by the adopted time terms is that of a 
deep basin, fairly symmetrical in an east-west direction but with its deepest 
point well to the south of the centre of the Gulf. 


Observations on the Scotian Shelf 


In an attempt to interpret the results of the shots fired south of Nova 
Scotia, the observations in the range of distance from 20 to 153 km. were 
reduced by the Cracovian method. It has already been stated that no 
observations were obtained from the seismographs on Sable Island at the 
southern end of the line, and the mathematical consequence of this is that 
the Cracovian method does not yield satisfactory independent determina- 
tions of the velocity and the time terms. The propagation time between shots 
42 and 44 and the recording stations is less than that required for waves to 
cover the horizontal distances involved at a speed of 6.08 km/sec. It there- 
fore seems that the basement velocity in this area may be somewhat higher 
than that found inside the Gulf, but that no conclusions can be drawn as to 
the depth of sediment. 


Observations of Pn 


The onsets described as Pn were those observed at distances exceeding 
192 km. With the exception of two records from station 20 in New Bruns- 
wick all the observations refer to waves from shot line 3, as recorded by the 
stations in Nova Scotia. 

A preliminary reduction of the travel-times was made by fitting a straight 
line to the Pn observations by the conventional method of least squares. ‘The 
velocity found was 8.53 + 0.30 km/sec., which is somewhat higher than 
the value of 8.176 + 0.13 km/sec. given by Hodgson for the Canadian 
Shield (Hodgson 1953). The discrepancy is evidently due to the fact that 
the thickness of sediments diminishes progressively as we proceed north- 
wards from shot 34 to shot 31, so that the Nova Scotia stations record waves 
from a series of shots running up dip. The time taken for Pn waves to pene- 
trate the sediments under each shot point can be calculated from the P: 
time terms. When corrections computed in this way are subtracted from the 
observed times of Pn, the apparent velocity is reduced to 7.59 = 0.32 
km/sec. As this is less than Hodgson’s velocity for the Shield, it appears that 
the material beneath the sediments (i.e., the Pre-Carboniferous basement) 
gets thicker towards the north, in the direction where the sediments are 
thinnest. 

The above argument can only be applied at all because most of the data 
are derived from stations which are close together, and because the time 
terms run fairly smoothly along shot line 3. For a more accurate approach, 
we prefer to assign P, time terms to every shot point and station, using the 
method outlined for the Pi reduction. We, therefore, calculate the time 
terms by the Cracovian method for the observations of shots 31-34, 
recorded at stations 47 and 50. Additional data are obtained by applying 
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equation (1) to the record of shot 31 obtained at station 40, and to the 
records of shots 23 and 24 obtained at station 20. To avoid the ambiguity 
which arises from the absence of reversed observations we insert Hodgson’s 
value for the velocity of P» in the equations which determine the time terms, 
instead of attempting to determine a velocity from our own data. 

Next we recall that each observation of travel-time yields an estimate of 
the sum of a pair of time terms, one of which refers to a shot point and the 
other to a station. In order to accomplish the necessary arbitrary division 
between these terms, we assume that the stations in Nova Scotia, which 
were resting directly on hard Devonian rocks, have the same average time 
term as that which would be applicable to points on the Canadian Shield. 
This value is half the intercept of Hodgson’s curve—that is, half of 
7.50 + 0.11 sec. For station 20 in New Brunswick we assume that the 
Devonian and older rocks make the same contribution as those on the 
Canadian Shield, and allow an additional 0.2 sec. for the known presence 
of about 3,000 feet of Carboniferous sediments (Gussow, 1953). The time 
terms obtained in this way are given in the second column of Table ITI. 











TABLE III 
P, Time TERMS 
Pre- Materia Thickness 
Time Sedimentary Carboniferous missing from of 
term contribution contribution— Pre- Carboniferous 
3.75 sec. Carboniferous 
31 4.24 sec. 0.7 sec. —Q).31 sec. 1.9 km. 3.2 km. 
Poo a 1.2 —0.71 5.5 5.3 
8 33 4.47 1.4 —0.78 6.2 6.3 
a 34 4.59 ae —0 .96 7.8 7.4 
23 «4.76 1.4 —).49 3.5 6.3 
24 4.07 1.5 —1.28 10.7 6.8 
2 20 3.95 (arbitrary 3.75+0.2 sec. allowance for Carboniferous) 
S 40 3 75, (arbitrary) 
& pal 3 eat (mean value arbitrarily set at 3.75 sec.) 


The next step is to calculate the contribution to the time term which arises 
from the sediments under each shot point. To do this, we write equation 
(2) in the form 


j/ 


= = V 1 — 1/02 (3) 
v1 
where A is the thickness of sediments, and uv: and v2 are the velocities in the 
sediments and in the lower layer respectively. In the time terms which were 
determined from observations of Pi, v2 was equal to 6.08 km/sec. Each 
kilometre of sediments im which vi equal 4.0 km/sec. therefore contributes 
0.19 sec. to the time term. When P» waves pass through the same material 
we put ve = 8.18 km/sec., leaving v1 = 4.0 km/sec. We then find that the 
sedimentary contribution to each P» time term is 0.22 sec. per kilometre of 


a 
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thickness, and thus can be found by multiplying the P: time term by 1.16. 
These sedimentary contributions are entered in the third column of Table 
III. 

The contributions of the Pre-Carboniferous layer are found by sub- 
tracting the sedimentary contributions from the Pa time terms. When this 
is done, the Pre-Carboniferous contributions are all found to be less 
than the value of 3.75 sec. which is taken as typical of an undisturbed crust. 
The difference is expressed by subtracting 3.75 sec. from our Precambrian 
terms, and entering the result in the fourth column of Table III. We 
presume that the deficiency in the time terms indicates that the Pre- 
Carboniferous materials under the Gulf are thinner than the Precambrian 
materials on the Canadian Shield. On putting v1 = 6.08 km/sec. and 
ve = 8.18 km/sec. in equation (3), we find that a deficiency of 1 sec. in the 
time term corresponds to a loss of 9.1 km. of Pre-Carboniferous material. 
The thickness of material missing from the Pre-Carboniferous and the cor- 
responding thickness of Carboniferous sediments (as determined from P1) 
are entered in columns (5) and (6) of Table ITI. 

The figures in the last two columns of Table III can be used to investigate 
the course of the Mohorovicic Discontinuity under the Gulf of St. Lawrence. 
The Discontinuity will be approximately horizontal if the depth of material 
missing from the Pre-Carboniferous is everywhere equal to the depth of 
sediments, but it will tend to rise or fall if the mean ratio of these quantities 
departs significantly from unity. Two independent estimates of the ratio 
can be obtained from the data. First, we take the mean of each group, 5.93 
km. for the missing Pre-Carboniferous and 5.88 km. for the thickness of 
Carboniferous, giving a ratio of 1.0 + 0.2. Secondly, we regard the thick- 
ness of material missing from the Pre-Carboniferous as a linear function of 
the thickness of Carboniferous, and find the slope of the resulting line by the 
method of least squares. The slope obtained in the calculation is equal to 
1.6 + 0.6, and is the mean ratio of the change of Pre-Carboniferous thick- 
ness to the change in Carboniferous which is encountered on passing from 
one shot point to the next. In each case, the root mean square error of a 
single estimate of the thickness of the Pre-Carboniferous is 2.6 km., which 
would correspond to an error of 0.28 sec. in time. Both aspects of the data 
are consistent with a mean ratio of 1.2, which means that for every kilometre 
of sediments the crust must be thinned by 1.2 km. and the Mohorovicic dis- 
continuity must rise by 0.2 km. to keep the surface of the ground approxi- 
mately horizontal. Sections through the postulated structure along the E-W 
and N-S shot lines are plotted in Figure 5 (a) and (b). The Mohorovicic 
Discontinuity in Figure 5 represents the base of the crust which is every- 
where thinned by a factor 1.2, whereas the crosses represent the individual 
estimates of the position of the interface. In accordance with the argument 
given above the mean position of the crosses is a little below the line. Any 
part of the Carboniferous sediments may be replaced by % of the thickness 
of sand or by 3 times the thickness of Devonian (Metamorphic) rocks with- 
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Ficure 6.—Sections through the postulated structure. See Figure 1 for positions of 
section lines in relation to stations and shot points. 


out altering the fit of the data. The contours of the Mohorovicic Discon- 
tinuity will not be very greatly affected by such substitutions. 

The gravity anomaly over the proposed structure can be estimated by 
considering the density of the Carboniferous (Garland, 1953) layers in con- 
junction with accepted average values for the Precambrian and ultrabasic 
rocks. The respective gravity contributions are as follows: 


Mass of 1 km. of Carboniferous (ep = 2.50) = + 2.50 units 
Mass deficiency of 1.2 km. of Precambrian (p = 2.67) = — 3.20 
Mass of 0.2 km. of ultrabasic (p = 3.30) = + 0.66 

Net anomaly = — 0.04 


where p signifies the density. 


The predicted gravity anomaly is very sensitive to small changes in the 
ratio of the thickness Carboniferous to the deficiency in Pre-Carboniferous 
materials. In view of the uncertainty in this ratio, the predicted departure 
from isostasy is not significant. In fact, the gravity map shows no pro- 
nounced regional trend around the edges of the Gulf of St. Lawrence. 
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COMPARISON WITH LUNAR CRATERS 


On comparing terrestrial explosion craters with craters on the moon, 
Baldwin (1949) produced a general relation between diameter and depth. 
This is quoted in the form 


D = 0.1083d? + 0.6917d + 0.75 


where D is the logarithm of the diameter in feet, and d is the logarithm of 
the depth. On applying this equation, we find that an explosion crater equal 
in diameter to the circular part of the Gulf of St. Lawrence should have a 
depth of about 30,000 feet or 10 km. Individual determinations of depth 
deviate from Baldwin’s curve by as much as a factor of 2, and a considerable 
extrapolation is required if the curve is to include the Gulf. The indication 
of the time terms is that the thickness of Pre-Carboniferous material 
missing from the crust is about 7 km. near the centre of the circle, and some- 
what more near St. Peter’s in Prince Edward Island. The dimensions of the 
Gulf are therefore consistent with the meteorite explosion hypothesis, but 
the circular symmetry which is so pronounced at the surface is less marked 
underground. 

On the negative side, we note the absence of any striking geological evi- 
dence of an explosion, and the fact that the P» observations can be explained 
without postulating any major disturbance of the ultrabasic layer. The most 
that can be said is that the sediments in the St. Lawrence Gulf fill a deep 
cavity in the crust, whose origin must remain undecided until further evi- 
dence becomes available. 


CONCLUSIONS 


In view of the somewhat unfamiliar method used to reduce the data and 
of the fact that several arbitrary constants have been introduced, it is desir- 
able to review the argument before stating the conclusions. First, we note that 
the observations of P; have yielded a set of time terms. The sum of the time 
terms for any shot point and a corresponding recording station is an estimate 
of the extent by which the travel-time for a seismic wave between these two 
points would exceed the time taken for the wave to cover the distance hori- 
zontally at 6.08 km/sec. The sums of such pairs of time terms are all posi- 
tive, ranging in value from 0.4 to 3.0 sec. All of the sixteen time terms have 
standard deviations of 0.52 sec. or less, so if the velocity given for Pi; is 
accepted, there can be no doubt that the group of positive time terms is a 
significant feature of the area. The feature could be removed by setting the 
velocity of P: down to 5.5 km/sec., but this would involve a change of more 
than four times the standard deviation of the observational result, and would 
also be out of line with the velocities of Pi found in most other parts of 
North America. 

The distribution of the sediments between land and sea can be altered 
by changing a, so that the smoothness of the transition between the Gulf of 
St. Lawrence and the Magdalen Islands should be regarded as a piece of 
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evidence bearing on the choice of this constant, rather than as a conclusion 
of the survey. 

The case for an abrupt drop in the basement between the Magdalen 
Islands and the Cabot Strait depends on the value of a and on the accuracy 
of the time terms for both station 03 and shot 11. This, therefore, is the 
weakest of the conclusions drawn from the P; observations. 

On passing to the information derived from Pn, we find that all six of the 
P, time terms for the central part of the Gulf exceed the mean value for the 
Canadian Shield and hence confirm the existence of a body of sediments. 
Adjustment of the arbitrary components in the time terms would, of course 
enable part of this anomaly to be transferred outside the circle, but we feel 
that it is more easily explained where it is. The evidence for crustal thinning 
depends on the subtraction of Pi time terms from Pn terms. The arbitrary 
components in both sets of time terms enter into every estimate of thickness, 
and therefore exert a systematic effect when the mean thickness of the Pre- 
Carboniferous under the Gulf is compared with the result for the Pre- 
cambrian in the Canadian Shield. This systematic effect is eliminated from 
the argument which deals with the variations in the thickness of the layers 
from place to place. Thus the former argument may be no more reliable 
than the latter, even though it yields a result with a lower standard deviation. 

The conclusions of the survey are now summarized as follows: 

(1) The circular part of the Gulf of St. Lawrence contains about 6 km. 
of sediments in the centre and probably a rather greater thickness near St. 
Peter’s in Prince Edward Island. 

(2) There appears to be a change of structure on passing eastwards from 
the Magdalen Islands into the Cabot Strait. The data could be explained 
by the presence of about 3 km. of sand or by a much greater thickness of 
consolidated sediments. 

(3) The evidence suggests that the Mohorovicic Discontinuity slopes 
upwards towards the point at which the sediments are thickest, although 
it is not certain whether the mean depth of the Discontinuity under the Gulf 
of St. Lawrence is greater or less than under the Canadian Shield. Measure- 
ments of the gravity anomaly would provide a sensitive check on this point. 

(4) In spite of the uncertainty in the depth of the Mohorovicic Discon- 
tinuity, which depends on the combined thickness of the Pre-Carboniferous 
materials and the sediments, there can be little doubt that the Pre-Carboni- 
ferous layer alone is thinner than elsewhere. The dimensions of the cavity in 
the crust are comparable to those which would be expected from a meteorite 
explosion. 
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The Transverse Trough of Cabot Strait 


DONALD J. MacNEIL 


INTRODUCTION 


HROUGH the kind co-operation and assistance of Dr. H. B. Hachey, 

Chief Oceanographer, the Fisheries Research Board of Canada per- 
mitted certain members associated with the Massachusetts Institute of 
Technology Geological Summer School to utilize scientific equipment in- 
stalled on the C.N.A.V. Sackville to conduct, for a short period during the 
summer of 1952, sounding investigations in the Gulf of St. Lawrence. The 
studies were made primarily by Mr. Claude Hill, a graduate student of the 
Massachusetts Institute of Technology. Before the data collected on that 
occasion could be assembled and interpreted, Mr. Hill died. The records 
were forwarded to the Department of Geology and Geophysics at Mas- 
sachusetts Institute of Technology. In view of the fact that the writer played 
a part in organizing the late Mr. Hill’s Gulf of St. Lawrence programme 
aboard the Sackville the M.I.T. Department of Geology and Geophysics 
kindly allowed his notes to be used in the preparation of this paper. 


FreLD OBSERVATIONS AND ANALYSIS 


The Sackville has installed in its laboratory a continuously operating 
fathometer, and this was placed in operation from a point offshore near 
Pleasant Bay, Cape Breton Island, throughout a course that crossed and re- 
crossed the waters of Cabot Strait as indicated on Figure 1. In this manner 
four sweeps were completed, the average length of each being 70 miles, and 
the average distance between sweeps being 16 miles. Because the Cabot 
trough trends northwest-southeast, the ship travelled from Cape Breton 
Island northeasterly towards Newfoundland, thence more or less northward 
for about 40 miles before swinging southwestward for a second sweep across 
the strait. Upon reaching a point on the southwestern side of the trough, 
a third and subsequently a fourth traverse was made across the strait farther 
to the northwest. The width of the trough is indicated on the accompanying 
marine chart (Fig. 2), superimposed on which are lines showing the course 
of the ship during the survey. 

The fathometer records were used to construct profiles across the trough, 
as well as parallel to its sides. Figure 3 reveals the configuration of the bottom 
at right angles to the axis of the trough. An average slope of 0° 27’ appears 
to characterize the southwestern side of the valley. An even gentler slope, 
averaging 0°14’, is present on the opposite side. The gradient of that portion 
of the submarine valley surveyed is approximately 0° 3’. 
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Figure 1.—Route of sweeps across Cabot Strait. 


Discussion 

It has been contended by Keith (1930), Gregory (1929), Doxsee 

1948), Hodgson (1930), and possibly others, that the Cabot Strait 
trough is essentially a graben. This contention has been opposed by several 
scientists, notably D. S. McIntosh (1930) and F. P. Shepard (1931). The 
northeast-southwest profiles herein referred to reveal a configuration that is 
not suggestive of a down-faulted block. There is admittedly a relatively 
straight, steep face indicated on the southwest side of the trough, particu- 
larly on profiles H-J and F-G. These might represent fault-line scarps. 
Profiles constructed on the basis of runs made parallel to the longitudinal 
axis of the trough (Fig. 4), reveal no information that can be interpreted 
as favouring any one hypothesis on its origin. 

The very excellent paper published by B. C. Heezen and M. Ewing 

1952), relating to the 1929 Grand Banks earthquake, discusses the hypo- 
theses that have been advanced to explain the breakage of cables south of 
Newfoundland following an earthquake in 1929. Some of these hypotheses 
attribute the breakages to crustal displacements; but, as pointed out by the 
authors of the above-mentioned paper, the explanations do not satisfactorily 
explain the north to south progression of cable failures. Heezen and Ewing 
present a very strong case in support of the idea that a landslide converted 
into a turbidity current was responsible for the damage done to the cables. 
Figure 5, taken from an illustration appearing in their paper, depicts in 








Figure 2.—Marine chart showing trough in Cabot Strait and route of sweeps 
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Ficure 3.—Sub-sea profiles across Cabot Strait. 
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Ficure 4.—Sub-sea profiles along Cabot Strait. 
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north-south profile the shape of the sea bottom southward from Cabot 
Strait. On it has been superimposed the estimated velocity of the turbidity 
current, calculated from the known time of breakage of each cable that 
crossed the 450-mile interval represented by the cross-section. 

The inclination of that portion of the continental slope depicted on 
Figure 5 is approximately 0°35’. Heezen and Ewing, using the known time 
between successive cable failures dvring the 1929 earthquake, calculated 
that the velocity of the postulated turbidity current ranged from 50 to 12 
knots. Kuenen (1950) states that a turbidity current of three metres per 
second could carry boulders weighing 30 tons. Three metres per second is 
slightly over five knots. If the velocity calculations submitted by Heezen 
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and Ewing in their aforementioned paper are even approximately correct, 
the transporting power of such turbidity currents would be very great. 

According to the soundings made during the investigations conducted 
aboard the Sackville, the gradient of the Cabot trough where surveyed 
during that study is approximately 0° 3’ to the southeast. This figure is 
close to the angle calculated for that portion of the continental slope con- 
sidered by Heezen and Ewing; consequently, high velocity turbidity currents 
could conceivably have travelled along the axis of the Cabot trough and 
could, therefore, have been easily responsible for producing in part that 
submarine feature. 

It is noteworthy that many of the major crustal displacements of the past 
that can now be detected on the land areas adjacent to Cabot Strait (Fig. 
6) are striking in a northeast-southwest direction. It is true that the Logan 
fault may swing southeastward from the mouth of the St. Lawrence River, 
and there are some fairly prominent faults on the Gaspé peninsula that 
strike in directions other than northeast-southwest; nevertheless the major 
crustal breaks on Newfoundland and across Cabot Strait in Nova Scotia 
are characterized by surface traces that are practically at right angles to the 
trend of the Cabot trough. Although this fact cannot be used positively to 
contradict the possibility that “parallel faults produced the Cabot Trench 
in the past,’ as suggested by Keith (1930), it nevertheless opens to question 
the probability of such an origin. There is the likelihood, however, that a 
short transverse fault may be present on one side of the trough, as sug- 
gested earlier in this paper. 


RESULTS 


The writer believes, on the basis of evidence herewith submitted, that at 
a time of low sea-level during the Pleistocene epoch, a valley was developed 
by sub-aerial erosion along what is now the longitudinal axis of Cabot 
Strait. Erosion along that course may have been accelerated owing to the 
relative ease with which fault gouge could be removed by stream action. 
Later, when sea-level reached its present elevation, turbidity currents 
followed the drowned depression, and they were sufficiently powerful to 
deepen it. Mud slides and creep operated to widen the trough and, in- 
cidentally, to contribute additional sediment to the eroding current. These 
processes gave rise to the Cabot trough that exists today. 
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Physical Features of British Columbia Inlets 


G. L. PICKARD* 


INTRODUCTION 


HE mainland coast of British Columbia possesses many long, narrow, 

and deep bodies of water. They may be divided into two groups, those 
which lie parallel to and those which lie substantially transverse to the main 
trend of the coastline. The first group open to the sea at both ends and are 
much used by coastal steamships making the “inland passage” along the 
coast. The second group, with which this paper is concerned, open to the 
sea only at their western ends and generally have rivers at the other. 
Oceanographically they are estuaries in the sense that they contain fresh 
water measurably diluted by sea water (Pritchard, 1952) and they are 
being studied by the Institute of Oceanography of the University of British 
Columbia primarily from this point of view. 

These indentations in the coastline are variously named “inlet,” “arm,” 
“channel,” “canal,” etc., on the charts. The terms are used indiscriminately, 
and for simplicity this part of the name will be omitted in the following 
discussion, with the term “inlet”? being used as a generic name for this type 
of water body. 

An outline of the coast is given in Figure I and the larger inlets are named. 
There are some thirty-seven inlets of ten or more miles in length in the main- 
land coast. In addition there are fifteen or so in the west coast of Vancouver 
Island which are not included in the present discussion although their 
characteristics are in many respects similar to those in the mainland. 

The geology of the region from Toba to Knight has been described by 
Bancroft (1913), who states that the most common rocks are quartz- 
diorite, granite, and granodiorite. Bancroft adduces considerable evidence of 
glacial action in the shaping of the inlets. Dolmage (1922) has described 
the northern area from Douglas Channel to Portland Canal. Peacock 
(1935) described much of the sub-aerial topography, and a little of the 
submarine from the few detailed charts then available. Carter (1933) has 
presented some of the oceanographic characteristics of the water as well as 
the morphology of the southern inlets between Indian and Toba. It appears 
probable that both structural changes and glacial action may have played a 
part in the formation of the deep narrow inlets. The presence of the many 
deep and wide passages parallel to the coast as well as the inlets projecting 
inland suggest that glacial action alone is probably not a sufficient ex- 
planation. 


*Institute of Oceanography, University of British Columbia. 


47 





THE ROYAL SOCIETY OF CANADA 





T eee 
i i2éw 122” 
-- PORTLAND CANAL 56°n- 


-- OBSERVATORY BRITISH COLUMBIA 


PORTLAND INLET MAINLAND INLETS. 
- -KMUTZEMATEEN 


“DOUGLAS 
<9” ,4RILDALA 
< GARDNER 

° yo SURE 
| 777 LAREDO 
o eeeen MUSSEL 

‘,= = =-MATHEISON 
{4 -=-=-SPILLER 


+ je"SOUTH BENTINGK 
. BURKE 
NE, MOSES 
Aa .? 
// RIVERS 
,7 7 DRANEY 
SMITH 
¢ -----KINGCOME 
o> ---KNIGHT 
ie oo CALL 
i: »’ “LOUGHBOROUGH 
0° 4 me BUTE 
e 41h 
: TOBA 
fe - PENORELL 
. goPR. LOUISA 
sf JERVIS 
SEcwELT 
/ -wowe 


PACIFIC 
OCEAN 








oO os 
130 126 Ww 
f i 





Ficure 1.—British Columbia coast showing the chief mainland inlets. 


Information on the submarine features of the inlets is available from three 
main sources. The British Admiralty charts show the locations and plan 
shapes of the inlets, but depths are lacking except at a few shallow places 
such as at the heads of the inlets or in side bays, and the latitude and 
longitude of some of the inlets (particularly Gardner) are significantly in 
error. Since the Admiralty charts were made, the Canadian Hydrographic 
Service has made accurate and detailed surveys of the passages parallel to 
the coast and of some inlets, for example, Howe, Sechelt, Jervis, Kingcome, 
Rivers, Gardner, and Douglas. In addition some soundings with wire and 
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echo sounders have been obtained in these and other inlets during oceano- 
graphic cruises of the Institute of Oceanography. These latter soundings 
are chiefly along the approximate centre-line of each inlet. Some samples of 
the bottom material have been obtained during the cruises. The following 
description of the submarine physical features of the inlets is based chiefly 
upon information from the above sources. 


Main DIMENSIONS 


The main dimensions of the inlets ten or more miles in length are listed 
in Table I, together with those for two shorter ones which have been 
investigated. When measuring the length of an inlet it is easy to determine 
the position of the head (the position of mean low water has been used), 
but the number of cross-connecting passages and islands at the seaward end 
sometimes makes it difficult to specify the mouth unequivocally. For the 
present discussion the mouth has been taken to be where the inlet widens to 
open into the coastal seas or straits, although it is possible that from the 
oceanographic point of view a position nearer to the head might be more 
appropriate. 

The maximum depth recorded on charts of the inlets is 2,400 feet (400 
fathoms) in Jervis Inlet. It seems unlikely that any greater depth will be 
TABLE I 
DIMENSIONS OF BRITISH COLUMBIA MAINLAND INLETS 








Average Outer 

Average mid-inlet Maximum sill 
Name Length width depth depth depth 
(n.mls.) (n.mls.) (feet) (feet) (feet) 


Portland Canal¢ 62 1.2 840 1,260 320 
Portland Inlet 24 2.9 s 2,350 600 
Observatory Inlet? 41 hs ; 1,740 150 
Alice Arm¢ 10 0. 1,260 60 
Khutzemateen Inlet¢ 20 0.6 . 500 180 
Work Channel? 29 ? 1,080 70 
Douglas Channel¢ 5 1.9° ,08 ,500 690 
Kildala Arm¢ 0. : 780 530 
Gardner Canal“ 2. ¢ 1,650 120 
Surf Inlet¢ 0.5 1,080 350 
Laredo Inlet¢ 0 96 1,320 420 
Mussel Inlet 0. 

Mathieson Channel* 7 * 

Spiller Channel¢ i 1. 

Roscoe Inlet* : 0 
Cascade Inlet* 

Dean Channel®¢ 

Burke Channel?/ 

South Bentinck Arm? 

Rivers Inlet¢ 

Moses Inlet¢ 

Draney Inlet? 

Smith Inlet 

Belize Inlet*+ 

Nugent Sound? 

Seymour Inlet’? 

Drury Inlet** 

Kingcome Inlet¢ 

Knight Inlet® 

Call Creek® 
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TABLE I (Cont'd.) 
DIMENSIONS OF BRITISH COLUMBIA MAINLAND INLETS 


Average 
Average mid-inlet Maximum 
Name Length width depth depth 
(n.mls.) (n.mls.) (feet) 


Loughborough Inlet® { j 800 
Bute Inlet? ; 6 2,160 
Toba Inlet® i : 1,800 
Pendrell Sound? ¥ 4 6 1,440 
Jervis Inlet¢ i 6 2,400 
Princess Louisa Inlet® 0. 3s 590 
Sechelt Inlet¢ 0. j 980 
Howe Sound¢ r 3. 7 1,060 
Indian Arm¢ 

Mean 


*Soundings from Admiralty charts. 

‘Soundings during oceanographic cruises, Institute of Oceanography, University of 
British Columbia. 

‘Soundings from Canadian Hydrographic Service charts or field sheets. 

4Sill depth quoted is for exit through Ursula Passage, but Gardner also connects to 
Douglas through Devastation Channel, minimum depth 340 feet. 

*Not sounded. 

/Sill depth quoted is for junction with Fitzhugh Sound, but Burke also connects with 
Dean through Labouchere Channel which appears to be much deeper than 140 feet. 

*Thompson and Barkey, 1938. 

*The maximum of a few soundings obtained in Drury in 1955 was 290 feet. 


found in any of the inlets not yet fully surveyed. Peacock (1935, p. 669) 


quotes a maximum depth of 429 fathoms in Finlayson Channel which is 
without the inlets proper. However, it appears that this figure may be in 
error. It is presumably taken from British Admiralty Chart No. 1927, pub- 
lished in 1930, but the later Canadian Hydrographic Service Chart No, 
3734, published in 1951, gives a maximum depth of 418 fathoms in this 
region. 


PLAN SHAPES OF INLETS 


In plan shape the inlets vary considerably. Almost all of them are sinuous, 
and sharp right-angled bends are common (e.g., Jervis, Bute, Knight, 
Gardner). A few inlets have fairly straight reaches for a large part of their 
length, but such straight sections are not common. All theoretical treat- 
ments of water flow in inlets so far have assumed them to be straight, and 
no attempt has yet been made to investigate the possible effect of bends. It 
is known from observations of currents at and below the surface, and from 
the distribution of silty river water as shown on aerial photographs, that 
large eddies are often associated with the bends. Since the currents have a 
marked tidal, that is, oscillatory component, these eddies will probably 
change position on flood and ebb, although no direct evidence of this is yet 
available. Such eddies and movements probably play a large part in pro- 
moting lateral homogeneity in the water of the inlets. The radius of curva- 
ture of many of the bends is so small that centrifugal force and the inertial 
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terms in the equations of motion should be taken into account in studies of 
the dynamics of flow. 

One feature of the plan shape which may be of oceanographic significance 
is the pairing of the longer northern inlets and the cross connections between 
them. The pairs referred to are Portland-Observatory, Douglas-Gardner, 
and Dean-Burke. In the last two pairs there is some evidence that there is 
transport of surface water from one to the other. Some of the brackish 
surface water from Gardner may be passing through Devastation Channel 
into Douglas, and some from Burke through Labouchere Channel into 
Dean. However, the difficulty of distinguishing between the fresh water 
from the two sources makes it almost impossible to determine the extent of 
the influence of these cross connections on the water structure. 


LONGITUDINAL DEPTH PROFILES 


Figures 2 and 3 show the longitudinal depth profiles along the approxi- 
mate centre-line of those inlets for which information is available, either 
from Canadian Hydrographic Service surveys or from cruise records. In 
the former case the profile has been drawn along the line of maximum 
depth, but this rarely deviates much from the centre of the inlet. The profiles 
from oceanographic cruises are not as accurate, although the inaccuracies 
are probably not significant on the scale of Figures 2 and 3. The deficiencies 
are due as much to uncertainties in ship’s position in the inlet when 
using the small-scale Admiralty charts as to the sounding equipment. 

These profiles show that there is considerable variety in form. Some inlets 
have bottom profiles with very little irregularity; these are chiefly the south- 
ern inlets, Toba, Bute, the inner 25 miles of Knight, and Kingcome. Rivers 
and Douglas are also in this group. Many of the others show considerable 
irregularity in profile, although too much reliance should not be placed upon 
the apparent pinnacles in those which as yet have only been measured along 
the centre, because of the possibility that the maximum depth may in places 
be to one side. 

All the inlets have thresholds or sills at some position, usually towards the 
mouth or in the passages just outside. Some have inner sills also. The depths 
of the outer sills vary considerably. The shallowest are between side inlets 
and main inlets, for example, Princess Louisa (20 feet), Draney (about 35 
feet), and Alice (60 feet). In the longer inlets the shallower sills are in 
Sechelt (45 feet), the Seymour-Belize group (about 60 feet), Indian (65 
feet), and Work (70 feet). These figures refer to lowest normal tides. Since 
the tidal range is from 16 feet in the south to 24 feet in the north, the 
depths to the sills at high water will be greater by these amounts. The other 
long inlets have sills of 120 to 1,200 feet in depth with the majority between 
120 and 470 feet. 

It is often stated or implied that a characteristic of a fiord-type body of 
water having a sill is the stagnation of the deep water, but the evidence 
from the British Columbia coast supports that from other regions in suggest-, 
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Ficure 2.—Longitudinal sections of British Columbia mainland inlets—northern group 
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Ficure 3.—Longitudinal sections of British Columbia mainland inlets—southern group. 
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ing that this is not a necessary characteristic. One inlet (Call) shows evi- 
dence of intermittent stagnation by low oxygen values, and Belize shows 
an oxygen minimum at intermediate depths, but apart from these cases no 
indication of stagnation has been found in the inlets. It is evident that the 
sills do not prevent the exchange of deep water with the seas outside. The 
situation is in contrast to that in many Norwegian fiords where the sills are 
much shallower (average sill depth in sixteen fiords is 14 feet; Fleming and 
Revelle, 1939 pp. 99, 100). 

In fact, the necessary condition for stagnation is that the sill depth must 
be significantly less than the depth of the brackish surface water which is 
flowing out of the inlet owing to the excess of run-off and precipitation over 
evaporation. If the sill reaches to this layer there is only a unidirectional 
flow in the outward direction. If the sill depth is appreciably greater than 
the thickness of the brackish layer, then below this layer an inflow of sea 
water takes place to replace that removed by entrainment into the upper 
layer. This inflow of sea water which keeps the deeper water refreshed and 
prevents stagnation evidently occurs in most of the British Columbia inlets. 

There is little evidence of the character of the sills, whether rocky or 
morainal. W. H. Mathews has informed the writer that the evidence of 
bottom material samples and of shape suggests that the inner sill of Howe is 
a terminal moraine. Samples from the shallow sill in Knight usually consist 
of well-washed gravel which suggests the possibility that it too may be a 
moraine. This cannot, however, be regarded as conclusive, since erosion of 
the inlet sides must be proceeding and fragments falling into the inlet will 
tend to move towards the deeper parts when kept in motion by the fairly 
strong tidal currents which are observed in this section. 


TRANSVERSE SECTIONS 


For those inlets which have been surveyed by the Canadian Hydrographic 
Service it has been possible to prepare transverse sections using data from 
the large-scale field sheets. A selection of these sections is shown in Figure 4. 
In this description depths will be quoted in fathoms since this is the unit 
used in surveying and values are given to the nearest whole fathom on the 
charts. 

The sections of Gardner show a series of changes of profile. The sections 
are indentified by their approximate distance in nautical miles from the 
head of the inlet, and the vertical and horizontal scales are the same. At 
section 1 near the head there is a broad expanse of fairly level bottom, at- 
tributed to deposition of material from the river, with a narrow deeper 
channel at the north side. By section 4 the transverse extent of the level 
bottom has decreased to one-third of the whole width, while by section 8 
there is no significant level bottom. At section 12 a considerable extent of 
level bottom is again evident, possibly owing to settling of material brought 
in from the Kowesas River at section 11. By section 17 an irregular U- 
shaped profile is regained. Discharge of silt from the Kemano River at 
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Ficure 4.—Undistorted transverse sections of some British Columbia inlets 
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section 18 is presumed to be responsible for the level floor for a few miles 
(e.g. section 19), but by section 22 the irregular U-shape is seen again. A 
flat bottom is found around section 28, although there is no river of any 
size to account for it. After about section 32 the shape of the transverse 
section is a broad trough with significant lateral variations in depth (e.g., 
sections 38 and 48). The slopes of the sides between sections 18 and 28 are 
among the steepest recorded in the British Columbia inlets. 

In the profiles of Jervis the slightly irregular shape at section 1 appears 
to be characteristic of the region near the head in inlets with rivers of any 
sizes entering there. It is possible that periodic mud slides occur on the steep 
slopes which are found near the head and these may cause turbidity currents 
which scour the bottom locally. The very level bottom (192 to 195 fathoms) 
of section 7 is presumably the result of the lowest part of the basin between 
the head and the inner sill at section 10 becoming filled with mud from 
slides higher up. The more irregular shape at the inner sill at section 10 
suggests that this is the form of the basic rock profile, although limited 
sampling indicates that the rock near the middle is at least superficially 
covered with mud. The subsequent sections in the deeper reaches of the 
inlet show little evidence of significant filling by mud. This suggests that the 
material from the moderate river discharge into Jervis is all intercepted by 
the inner sill at section 10. 

The outer 22 miles of Dean show a variable profile with no evidence of 
extensive level areas. The remainder of Dean has not been surveyed in 
detail, but observations from oceanographic cruises indicate the presence 
of inner sills and it is presumed that despite the considerable river inflow at 
the head, any silt brought down is trapped in the upper parts of the inlet. 

On the other hand the outer 8 miles of Bute which have recently been 
surveyed show a remarkably level region (Fig. 4) between sections 33 and 
38 just before the depth starts to decrease to the sill in Calm Channel. Three 
sections here show a depth variation of only 1 fathom over about % mile of 
width near the middle, while in 5 miles along the inlet the variation in 
depth is within 3 fathoms (354 to 357 fathoms). A similar level region 
occurs in Kingcome between sections 13 and 19 where the depth varies 
over a range of only | fathom in 5% miles just before the depth commences 
to decrease to the sill in Sutle} Channel. 

Douglas is wider than the average but the sides are generally as steep as 
the other inlets. Since the average depth is only about 200 fathoms the 
transverse profiles have the appearance of an agraded river valley (Fig. 4). 
The bottom shows no conspicuous level stretch although there is some 
suggestion of this feature around sections 26 and 28. This is inside the 
sill at section 32. 

The gradual disappearance of the level stretches with simultaneous 
increase in maximum depth in Gardner both at the head and after the 
Kowesas River suggest that the majority of the material is deposited within 
six to eight miles of the river mouth. The presence of the very level bottom 
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so far from the heads of Bute and Kingcome, which possess only outer sills, 
suggests that periodic mud slides take place at the heads of the inlets and 
give rise to turbidity currents which travel the full length of the inlet. These 
currents carry material to the lowest part of the basin, which happens to be 
near the mouth, and there it settles to form the level bottom. This ex- 
planation of the level regions is the same as that proposed by Heezen, Ewing, 
and Ericson (1951) for the remarkably level regions observed in the 
Atlantic. It is to be anticipated that a similar level section will be found 
near the mouth of Toba when this area is surveyed. 


Bottom MATERIAL 


Ninety-five samples of bottom material have been collected along the 
inlets with a Dietz-LaFond snapper or a small gravity corer. They have 
been examined superficially and the results are summarized in Table II. 


TABLE II 


CHARACTER OF BottoM MATERIAL ALONG CENTRES OF BRITISH COLUMBIA INLETS 
Percentage of 95 Samples in which Stated Characteristic Occurred 











Type of material Colour when wet Consistency of Smell 





Live 
mud organisms 
Mud 95%* Light grey 14% Fluidf 16% 12% 8% 
Sand 20 Medium grey 41 Firmt 66 
Pebbles 9 Dark grey 15 Stifff 18 
Shells 5 Green-brown 28 
Wood 6 Black 2 
etc. 





*68% contained mud mixed with other materials. 

{The term ‘‘fluid” is used for mud which spread out under its own weight when emptied 
from the snapper, “‘firm’’ for mud which would retain its shape when kneaded by hand, 
and ‘‘stiff’’ for mud from which pieces could be broken. 


The number of samples is not great and the intervals are fairly large 
(average 8 to 15 miles), but some conclusions may be drawn: (1) Mud is 
by far the most common bottom material, and some 75 per cent of this is 
fine-grained, grey in appearance, and may be attributed to glacial sources. 
(The green or brown mud was found in those inlets which had rivers of 
non-glacial origin, e.g. Seymour, Belize, Douglas, Laredo.) (2) Only six 
samples (Seymour, Knight and Call) smelled distinctly of hydrogen 
sulphide. In the cases where the mud smelled of H2S, the water above did 
not lack dissolved oxygen. It is possible that these samples were from small 
depressions in the bottom where local stagnation may have occurred. 
Several other samples had unpleasant but unidentified smells. The grey mud 
had no perceptible smell. The general evidence therefore is that stagnation is 
uncommon. 

The ninety-five samples referred to above were fairly uniformly distributed 
along the inlets. Additional samples have been obtained in Bute; these have 
been described by Toombs (1953) and his results are summarized in another 
paper in this symposium (Toombs, 1956). He reports that the predominant 
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minerals in the Bute mud are quartz, feldspar and biotite, while the organic 
content is very low (1-4 per cent). No such detailed study of the samples 
from other inlets has been made, but it is believed that the Bute results may 
be regarded as typical for the inlets which have glacial run-off. This includes 
all the longer inlets, with the exceptions of Jervis and those between Seymour 
and Rivers. 

Live organisms are uncommon in the bottom material. The few found 
include a number of worms and two small sea cucumbers. On one occasion 
when anchor cables were being recovered in Knight, and the ship had 
swung close to the shore near the sill, several samples of a gorgonian coral 
were brought up. 
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Some Characteristics of Bute Inlet Sediments 
R. B. TOOMBS 


HE following report deals with a laboratory analysis of 26 samples of 

sediment from Bute Inlet made by the writer working under the super- 
vision of Dr. W. H. Mathews of the Department of Geology, University of 
British Columbia. Samples were collected by Dr. M. Y. Williams. The 
helpful suggestions of Dr. G. L. Pickard, Dr. C. A. Rowles, and R. W. 
Chauncey are also hereby acknowledged. 






































Ficure 1.—Southwestern British Columbia showing Bute Inlet and glacial areas. 
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Figure 2.—Bute Inlet showing location of sediment samples. 


The location of Bute Inlet is shown in Figure 1 and sample positions in 
the Inlet are shown in Figure 2. 


PHYSICAL PROPERTIES 


In classifying the materials, particles from 2 mm. to 0.062 mm. in 
diameter are termed sand, those from 0.062 mm. to 0.002 mm. silt, and 
particles smaller than 0.002 mm. are referred to as clay-size. By this 
classification the Bute Inlet sediments are predominantly silts, as the sand 
fraction does not exceed 5 per cent and the clay-size fraction has an average 
amount of 23 per cent for 20 samples sized by the customary mechanical 
analysis procedures. In general, the size of the sand particles is towards the 
lower limit for the class. 

The median diameters of the particles in the 20 samples are listed in 
Table I. Trask’s sorting coefficient and skewness coefficient are also shown. 
These parameters, as derived from cumulative frequency curves (see Fig. 
3), are used to describe the size distribution in the Bute Inlet sediments. 
Using a range in the sorting factor of 2.5 to 4.5 as an indication of normal 
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Figure 2.—Cumulative frequency curves, Bute Inlet sediments. 


sorting, with values below and above this range representing well sorted 
and poorly sorted sediments respectively, it is found that the majority of the 
samples exhibit normal sorting. Deviations from this norm can be largely 
explained in terms of local physical characteristics of the fiord such as water 
depth, currents, or shore-line features. Skewness, which is a measure of the 
position of the mode with respect to the median, is found to lie on the fine 
side of the median diameter in most of the samples. This is a common 
characteristic of near-shore sediments. 

The better sorted sediments are also the coarser, but the size range in 
sample median diameters is not large. Progressive sorting is common and 
particle sphericity decreases with distance from the mouths of inflowing 
streams. Extensive abrasion has not been a factor during transportation, a 
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TABLE I 
SEDIMENTARY PARAMETERS OF BoTTOM SAMPLES FROM BUTE INLET 


Depth of water Sorting Skewness 
Sample (feet) diameter (mm.) coeff. 


330 022 “a .74 

: 330 .O18 ; .48 
: 191 .010 36 
,309 .018 79 

455 .014 34 

044 .O16 25 

464 007 31 

,704 095 65 

642 002 45 

797 009 .55 

,950 O15 42 

O11 .62 

006 50 

O11 45 

006 13 

.004 70 

003 26 

060 35 

0045 59 

2,040 009 OY 


Nw eR WN ON ee We DOO 


conclusion indicated by the low indices determined in roundness studies. 
Textural variations within the fiord are, in general, as closely related to 
shore-line drainage features as to distance from the head of the fiord. 

Porosity of the moist samples, as received, ranged from 41.5 per cent to 
57.3 per cent. Percentage of shrinkage on drying varied from 6.8 to 30.4 
and was nearly equal to the percentage for the clay fraction. ‘The apparent 
specific gravity of dried samples was generally from 1.6 to 1.8, although 
some samples were as low as 1.14. The real specific gravity (of the solid 
material itself) was from 2.62 to 2.68 in six samples measured. 

Laminae of medium or fine sand, having sharply defined upper and 
lower boundaries, were observed in some short cores, particularly in samples 
1 and 2. It is possible that these are evidence of periodic slumping or dis- 
tribution by turbidity currents as has been suggested by Ewing for deep 
ocean sediments. 

Colour of the sediments in the wet state is grey to greenish-grey. 


MINERALOGY 


Detailed examination of the samples with the petrographic and binocular 
microscopes is practicable for only the sand-sized fraction which constitutes 
a rather small proportion of the samples. Six minerals were found to pre- 
dominate in all sand fractions: 

Biotite 10—55% (av. about 30% ) 

Sodic plagioclase (Any — Ang,) 10—30% (av. about 20% ) 

Quartz 15—30% (av. almost 25%) 
Potash feldspar 2—20% (av. slightly under 10%) 
Calcic plagioclase (An,, +) 5—15% (av. slightly under 10% ) 
Amphiboles 2—12% (av. almost 5% ) 
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In addition, one-third of the samples contained small pebbles, generally 
of granitic rocks, making up a few percentage points of the + 250 mesh 
(>0.062 mm.) fraction, but in one sample approaching 20 per cent. TLree 
samples contained sponge fragments making up from 2 to 20 per cent of the 
sand fraction and one contained slightly under 10 per cent of carbonates, 
mainly shell fragments. The amphiboles were almost entirely hornblende, 
but minor amounts of tremolite and glaucophane were indicated. Each 
sample contained, in minor amounts, one or more of the following: 
pyroxene, sphene, zircon, muscovite, apatite, magnetite, and garnet. Minute 
amounts of the secondary alteration products—chlorite, epidote, and kaolin 
—were observed. No evidence of glauconization was noted. Accessory and 
secondary minerals were present in total amounts of less than 1 per cent. 
A fresh granitic source was clearly indicated for virtually all the sediment. 

Comparison of the mineralogy of different sieve fractions indicated that 
biotite content reaches its highest value in the + 65 mesh (>0.208 mm.) 
sizes, and quartz in the — 65 + 150 mesh (0.208-0.104 mm.) sizes. Feld- 
spars and amphiboles appeared most abundant in the — 150 mesh ( <0.104 
mm.) fractions. The high content of quartz and biotite in the coarser 
sizes, and their high concentrations in all the sands as compared with the 
presumed granitic source rock, are probably the effect of the resistance of 
these two minerals to mechanical breakdown during glacial and stream 
transport. 


FossILs 


A considerable variety of microfossils was noted in the sediments. 
Generally, the amount did not exceed 1 per cent, but the sand fraction of 
sample 24 contained approximately 20 per cent of microfossils, shell frag- 
ments, notably of the clam Mytilus, pieces of calcareous algae, and sponge 
material. Diatoms ranging in size from 0.07 to 0.4 mm. were recovered from 
all samples along the Inlet except in sample 24. The more abundant species 
were identified by A. F. Szczawinski, Department of Botany, University of 
British Columbia as Actinocyclus cruciatus, Actinocyclus helveticus, Bid- 
dulphia, Hyalodiscus, Triceratium and Coscinodiscus, all being from the 
class Bacillariophyceae. Foraminiferal tests were found to occur in all 
samples. The most common genera were planospiral and triserial in form 
and they averaged 0.1 mm. in size. Sponge material appeared in all samples 
and varied in size from particles passing through a 100-mesh sieve to others 
one inch in length. Some specimens submitted to Dr. W. A. Clemens, 
Department of Zoology, University of British Columbia, were identified 
as Aphrocallistes. Hexaxial spicules, within the size range 0.1 to 0.8 mm., 
were found in most samples; long silica threads up to 3 mm. in length were 
noted to be of general distribution. Both were classified as sponge spicules. 
Small fragments of brachiopod shells were seen in coarser fractions of some 
samples, especially near the head of the Inlet; calcareous algae tubes and 
bryozoa were detected in samples from the southern end. Echinoid spines 
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were observed in several samples, particularly in sample 24. Ostracods 
were also noted in this sample. 


Tue Ciay-Si1zE FRACTION 


The above mineralogical and palaeontological observations refer to the 
sand fraction of each sample. The fractions passing a 250-mesh (0.062 
mm.) screen for ten samples were examined under high power and an 
estimate of mineral representation made. In every sample, the ratio of 
quartz-feldspar to biotite-amphibole was greater than in the fraction of 
larger size. An attempt was made by means of X-ray diffraction, differential 
thermal analysis, and the electron microscope to find representatives of the 
clay-mineral group, but nothing was noted to suggest the presence of an 
appreciable clay-mineral content. Even though 23 per cent of the material 
was made up of particles less than 0.002 mm. in size, the clay-mineral 
component was too small to be measured; the sediments may, therefore, 
best be described as “rockflour,’ the products of a land which is covered to 
an extent of about 27 per cent by glaciers and snowfields. The arithmetic 
15 micron diagram of Figure 3 illustrates further the fineness of these 
sediments. 


TRACE ELEMENTS 


Spectrographic analysis of several samples for three trace elements gave 
the following results: manganese, .07 to .12 per cent; strontium, .02 to .07 


per cent; magnesium, 1.1 to 1.5 per cent. 


OrGANIC MATTER 


The total amount of organic matter, exclusive of shell material, varied 
from 0.55 per cent near the head of the Inlet to 4.5 per cent in sample 24, 
near the mouth, with the average of ten sample analyses, however, being 
only 1.5 per cent by weight. The low organic matter content, a pH greater 
than 7.0 in all samples, the colour of the sediments, and the abundance of 
diatoms in all samples, except sample 24, are indicative of an environment 
where good ventilation exists in the sea and oxygen content is high. Sedi- 
ments in such an environment would appear to be poor source sediments of 
petroleum. 


PATTERN OF SEDIMENT DISTRIBUTION 

Three general sub-groups of sediments can be discerned within the fiord. 
Samples 1, 2, 3, 4, 8, 9, 11, 12, 13, 15, 16, 17, 18, 19, 20, 21, 22, 23, 25, 
and 26, although exhibiting variations in median diameter and mineral 
composition, are essentially similar in that at least 90 per cent of each con- 
sists of plagioclase, biotite, quartz, and potash-feldspar; there is a small 
amount of amphibole and very minor amounts of other heavy minerals. 
Samples 5, 7, 14, and possibly 6 and 10, differ from samples of the first 
group in having much larger percentages of amphibole and other “heavies” 
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and a relatively small percentage of biotite. Thirdly, there is sample 24, 
which, although similar in its mineral composition to samples of the second 
group, has a high microfossil content and is coarser-grained than samples of 
either the first or second group. 

It is interesting to note that sample locations of the second group are for 
the most part close to small streams draining metamorphic areas, whereas 
sample locations of the first group are at varying distances, as reflected in 
the range in median diameters, from streams and rivers draining granitic 
rocks of the central Coast Mountains. Sample 24, constituting the third 
group, is close to Arran Rapids through which strong currents flow, pre- 
sumably having passed metamorphic rocks of Mount Tucker, a possible 
source of the heavy minerals found in this sample. Thus, although textural 
analyses show that the sediments of this steep-walled fiord are consistently 
low in sand content, there are distinct mineralogical variations in the sand 
fraction which can be related to shore-line geology. 

COMMENT 

An examination of some representative samples of recent marine sedi- 
ments found in Bute Iniet has indicated the general physical characteristics 
and mineralogical and fossil content of these sediments. These data may 
in turn be related to the source, transportation, and depositional environ- 
ments as known for this region and as illustrated on the accompanying maps. 

Laboratory data on bottom samples might well constitute the first step 
in detailed studies of long cores. A comparison of sample characteristics at 
depth with those of the present surface of deposition aids in the interpre- 
tation of ancient environments of deposition. Inasmuch as the main events 
in the geological history of the British Columbia coastline are reasonably 
well established, possibly the systematic study of bottom samples and short 
cores in other British Columbia fiords would suffice to describe the principal 
characteristics of these recent sediments. 

The present study indicated, however, that it would be of considerable 
value to have laboratory data on long cores obtained from British Columbia 
fiords. Such cores would permit the computation of rates of sedimentation 
through C-14 age determination and the study of the turbidity current con- 
cept as a factor in sedimentary processes. They would also provide abundant 
material for spore and pollen study and general microfossil examination. 
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Oceanographic Features of Submarine Topography 


H. B. HACHEY, F.R.S.C., L. LAUZIER and W. B. BAILEY 


INTRODUCTION 


NE phase of oceanography, the study of the sea floor, is of practical 
as well as fundamental interest. The practical interest is generally re- 
lated to the shallower areas, where a knowledge of depths, and of the general 
configuration of the bottom, is important for maritime shipping, the location 
of cables, a fishery or problems of national defence. In recent years there 
has been a growing interest in deep sea oceanography. The study of bottom 
deposits by seismographic methods is permitting the reconstruction of 
oceanographic topography of previous geological periods. The analysis of 
sediments, involving geological, chemical, and biological methods, is furnish- 
ing information on the climatic variations during glacial and post-glacial 
periods. 
The present paper is concerned with some oceanographic features of sub- 
marine topography with particular reference to the sea floor around Canada, 
and deals specifically with North Atlantic and Arctic areas. 


SUBMARINE RIDGES AND BASINS 


In the North Atlantic Ocean (Johnstone, 1923, p. 51), one of the major 
features of the submarine topography is the North Atlantic Ridge with 
depths between 2,000 and 4,000 metres, extending from the south of 
Greenland to the equatorial regions, thence into the South Atlantic where 
it is known as the South Atlantic Ridge. In the North Atlantic this ridge 
separates the North American Basin from the Cape Verde Basin. 

A second feature of the submarine topography of the North Atlantic is 
the extended nature of the continental shelf. Within the general area of this 
shelf, which extends all the way across the North Atlantic, are shallow in- 
land seas such as Hudson Bay and the Baltic, and deep inland seas such as 
the Caribbean, the Gulf of Mexico, and the Mediterranean. 

A third feature is the expansion of the North Atlantic Ridge to the north 
into what is known as the Telegraph Plateau, which in turn merges into the 
continental shelf to the north. 

The various areas of ocean waters delineated by the general submarine 
topography, thus briefly outlined on the grand scale, have their own specific 
oceanographic features which are receiving increasing attention from stu- 
dents of deep sea oceanography. The great contrasts in water conditions 
between the open Atlantic and the Norwegian Sea, due to the existence of 
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the Wyville-Thomson Ridge (Johnstone, 1923, p. 267), with depths of 
400-500 metres, is the classic example of the effect of a submarine ridge in 
preventing full interchange of ocean waters. To the west, in the North 
Atlantic (Hachey et al., 1954, Fig. 2), the northward extension of the North 
American Basin between Greenland and Labrador, and the persistence of 
depths greater than 1,000 metres towards Davis Strait, have a profound 
influence on the water exchanges between the Arctic and the Atlantic. This 
is demonstrated by the unique southerly flow of Arctic water, ice, and ice- 
bergs, extending even south of latitude 45°N. 

Submarine barriers, whether large or small, form the boundaries of sub- 
marine basins in which horizontal communication with adjacent seas is 
restricted by sill depth. Renewals of the water in the basin can take place 
only through processes of vertical circulation; and it is therefore character- 
istic of all basins that, below sill depth, the water is nearly uniform in tem- 
perature and salinity, and approximately of the same character as the waters 


at the sill depth. 


SUBMARINE VALLEYS 


The many furrows cutting across the continental shelf, some areas of 
which have received considerable attention in recent years, are generally 
referred to as canyons. Some of these canyons can be traced across the 
shelf, and even into the estuaries of rivers. Various theories have been put 
forward to explain the formation of such submarine canyons, but no single 


hypothesis has yet been advanced to account for their characteristic features 
(Shepard and Emery, 1941). 

Separating the Grand Banks from the Scotian Shelf is the submerged 
Laurentian Channel or Trough, with depths from 200 to 600 metres; it 
extends into the Gulf of St. Lawrence, thence into the St. Lawrence estuary 
as far as the mouth of the Saguenay River (Hachey et al., 1954, Fig. 3). 
Geologists tell us that in pre-glacial times, eastern Canada extended to the 
edge of the continental shelf, 140 miles beyond the present southwestern 
coast of Nova Scotia, and Newfoundland was a part of the mainland. The 
ancient St. Lawrence River channel can be followed by soundings to the 
edge of the enlarged continent, where the bottom descends to the depths 
of the sea (Coleman, 1922). Students of continental faulting have been 
attempting to trace the faults of Cape Breton across Cabot Strait to New- 
foundland, and have suggested that the Laurentian Channel is, in part, 
of the nature of a “fault graben” (Gregory, 1929). Shepard (1931) made 
a thorough study of the various charts of the Laurentian Channel, combined 
with a special investigation of Cabot Strait. From this study he concluded 
that the St. Lawrence trough probably was started by river erosion, pos- 
sibly, in part, along the fault lines. Later during the glacial period, tongues 
of ice moved down the valley causing great deepening and widening. The 
present form of the trough is believed to be due principally to this glaciation, 
which makes it a submarine glacial trough. In any event, this deep sub- 
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merged Laurentian Channel, reaching well into the estuary of the St. 
Lawrence, not only permits the continental penetration by the deeper waters 
of oceanic origin, but furthers the phenomenon of the Gaspé Current 
(Tremblay and Lauzier, 1940). 


THE GASPE CURRENT 


The Gaspé Current is the result of mixing in an estuary, and its elemen- 
tary features were outlined by Huntsman (1923), who based his account 
on the observations made by Bayfield (1837). The phenomenon is unique 
in that there is a comparatively extreme contrast in the characteristic waters 
carried into the mixing area. This is shown in Figures 1 and 2 which illus- 
trate the distribution of temperature and salinity in a longitudinal section 
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Figure 1.—Distribution of temperature in section along the Laurentian Channel. 


extending from the edge of the continental shelf to the region of the 
Saguenay River. 

It will be noted that depths of more than 300 metres extend to the region 
of the Saguenay, and salinities of greater than 34.5 {co extend into the 
estuary at these depths. A large area of the section between stations 138 and 
198 is occupied by waters of salinities less than 32.0 %o, while two areas 
in the vicinity of stations 195 and 170 indicate considerable dilution 





THE ROYAL SOCIETY OF CANADA 


TLANTIC OCEAN 


SAGUENAY R 
ICABOT STR 








METRES 

















Figure 2.—Distribution of salinity in section along the Laurentian Channel. 


with land drainage waters. The distribution of temperature in section illus- 
trates the three-layered nature of the waters of the estuary in the summer 
months: a comparatively warm surface layer, an intermediate cold layer, 
and a warm bottom layer. The upwelling of deeper and colder waters is 
much in evidence between stations 190 and 198. 

The configuration of the floor of the estuary is shown on Figure 3, On 
the northern side of the estuary, between the Saguenay and Cap Bon-Désir, 
a distance of ten miles, the depth decreases from approximately 340 metres 
to less than 50. The southern side of this area is comparatively shallow, the 
depths decreasing rapidly from 350 to less than 100 metres to form a gradu- 
ally sloping shelf of approximately ten miles in width. 

The distribution of temperature and salinity in a vertical section covering 
this area of the estuary, at high and low water, is shown in Figure 4. The 
locations of the stations of the section are indicated in Figure 3. It will be 
noted that salinities of 33.0 %e and greater, and temperatures as low 
as —0.6°C. are available to any vertical mixing process in this area. The 
lowered salinities found in the upper fifty metres of this section at low tide 
are the result of the mixing of river water with the saline water brought to 
the mixing area. The production area, and the outward flow of the mixed 
waters, are indicated in Figure 5. Here are illustrated the distribution of 
salinities at 10 metres at various stages of the tide. The direction and magni- 
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Ficure 4.—Temperature and salinity in section, St. Lawrence estuary. High water 
A and C: Low water—B and D. 





tude of the surface currents are indicated by arrows (Department of Mines 
and Resources, 1939) 

It will be noted that the outward flow of the less saline mixed water is 
directed along the south side of the St. Lawrence River, and this is the result 
of the Coriolis force. The production of typical waters of the Gaspé Current 
is further assisted by mixing in the lower reaches of the estuary, particularly 
in the area above and below Pointe des Monts. Here, too, the current re- 
ceives further energy through the prevailing dynamical processes. This phase 
is presently under critical study. 

It is thus shown that the Gaspé Current of lowered salinities originates 
in the upper reaches of the St. Lawrence estuary, and that the following 
factors enter into the phenomenon: (a) the sloping nature of the sea floor 
in the upper reaches of the estuary; (b) the persisting depths of the Lauren- 
tian Channel; (c) the resultant upwelling and vertical mixing; and (d) the 
concentration of the outward flow along the south shore of the St. Lawrence, 
the result of the Coriolis force. 


THE SEA FLOOR IN THE CANADIAN ARCTIC 


The general features of the submarine physiography of the Canadian 
Arctic and neighbouring seas (Fig. 6) are the basins of the Arctic and of 
Baffin Bay, the relative shallows of the archipelago and Davis Strait, and 
the Lomonosov Range which, north of Greenland, divides the Arctic Basin 
into the eastern and western parts. 

The western Arctic Basin has, for the most part, depths greater than 3,000 
metres, with one depression near the pole exceeding 4,000 metres in depth. 
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Ficure 5.—Salinity at ten metres 


Separating the Arctic Ocean from the 
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Atlantic Ocean, the archipelago is 
interlaced with many relatively deep channels. However, it forms a barrier 
with an effective sill depth of 200 metres or less between the two basins. The 
principal channels which connect Baffin Bay to the Arctic Ocean are Smith 
Sound—Kennedy Channel on the north, and Lancaster Sound—Barrow Strait 
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on the west. The sill depths in these channels are 200 and 175 metres 
respectively, and depths are of importance here in determining the nature 
of the water masses in Baffin Bay. 

On the eastern side of the archipelago, the channels are deep and lead 
directly into the basin of Baffin Bay which has depths in excess of 2,000 
metres. Baffin Bay is in turn separated from the Atlantic Ocean by a sill 
in Davis Strait with a depth of 700 metres. To the south of Davis Strait, 
depths gradually increase to those of the Labrador Basin. 


GENERAL CIRCULATION 


The general circulation of the waters of the Canadian Arctic and neigh- 
bouring seas, as shown in Figure 7, is a composite picture obtained from a 
variety of general studies of circulation in these areas. It will be noted that 
there is a tendency for easterly and southerly flow from the Arctic Ocean to 
the Atlantic Ocean, and for a counter-clockwise circulation in the Labrador 
Basin—Baffin Bay area. The main outflow from the Arctic to the Atlantic 
takes place on the eastern side of Greenland in the form of the East Green- 
land Current. This current, in rounding the southern tip of Greenland, is 
joined by the Irminger Current to form the West Greenland Current which 
flows northward along the west coast of Greenland. On reaching Davis 
Strait, this current divides, one branch continuing its northward course, 
while the other swings westward to join the southward flowing Baffin Land 
Current and thus form the Labrador Current. The northward extension of 
the West Greenland Current joins the waters flowing southward from the 
Arctic Ocean through Smith, Jones, and Lancaster Sounds to form the 
Baffin Land Current. 


VERTICAL DISTRIBUTION OF TEMPERATURE AND SALINITY 


Arctic Ocean to Labrador Sea 


The vertical distribution of temperature and salinity in a section extend- 
ing from a point near the north pole to the Labrador Sea is illustrated in 
Figures 8 and 9. In the Labrador Sea, the summer temperatures gradually 
decrease from the surface to the bottom and are generally warmer than 
3.0°C. Summer salinities range from approximately 34.0 %o on the 
surface to approximately 35.0 %o at the greater depth. In Baffin Bay, 
except for the immediate surface, temperatures increase with depth from 
less than —1.5°C. to approximately 0.0°C. Salinities increase from less than 
33.5 %e on the surface to approximately 34.5 %o. In Kane Basin, 
and to the north, temperatures increase from less than —1.5°C. on the sur- 
face to 0.0°C. at depths of 700 metres and then decrease to values of 
approximately —0.8°C. In the Arctic Ocean, a layer of water of tempera- 
tures greater than 0.0°C. at depths between 200 and 700 metres is inter- 
posed between a surface layer of temperatures as low as —1.5°C. and a 
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Figure 8.—The vertical distribution of temperature: Arctic Ocean to Labrador Sea. 


deeper layer where temperatures are as low as -0.8°C. Salinities are of the 
order of 34.5 %o at 200 metres. 

It is quite evident that the threshold of Davis Strait is a deterrent to the 
extensive penetration of waters from the Labrador Sea into Baffin Bay. That 
some does occur above the threshold is indicated by the distribution of both 
salinity and temperature. The surface layer of Baffin Bay has the character- 
istics of waters of the Arctic Ocean, and the threshold of Kane Basin pre- 
vents the southerly movement of the deeper waters. Bailey (1956) has 
shown that the deep water in Baffin Bay originated in the Arctic Ocean. 
The process probably involves a progressive southerly movement at depths 
less than 250 metres of Arctic Ocean water which is denser than the main 
water body of Baffin Bay. It would seem however that the replenishment 
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Ficure 9.—The vertical distribution of salinity: Arctic Ocean to Labrador Sea. 


of this deep water in Baffin Bay is at a very slow rate as oxygen depletion 
from 7.6 ml/l at the surface to 3.5 ml/l at a depth of 2,000 metres has 
been observed (Riis-Carstensen, 1936). The dominant factors determining 
the specific characteristics of the water mass in Baffin Bay appear to be the 
sub-surface horizontal and vertical circulation, confined to the Bay by the 
configuration of the bottom. 


Beaufort Sea to Baffin Bay 


The vertical distribution of temperature and salinity in a section from the 
Beaufort Sea to Baffin Bay is indicated in Figures 10 and 11. Various nar- 
row and shallow passages in the archipelago prevent the free interchange of 
waters at depths much below 250 metres. We find that the surface layer in 
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FicurEe 10.—The vertical distribution of temperature: Beaufort Sea to Baffin Bay. 
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Ficure 11.—The vertical distribution of salinity: Beaufort Sea to Baffin Bay. 


the Beaufort Sea is fresher than that of Baffin Bay. The temperatures at 
all depths are quite similar, but at depths greater than 250 metres, the 
waters of the Beaufort Sea are more saline that those of Baffin Bay. It has 
already been shown that the comparatively low salinities at considerable 
depth in Baffin Bay are due to the lack of exchange with both the deeper 
waters of the Arctic Ocean and the Labrador Sea. 
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DISCUSSION 


It has been shown that the Laurentian Channel is an important feature 
in the phenomenon of the Gaspé Current. This deep channel, penetrating 
the continental shelf and extending into the estuary of the St. Lawrence 
River, brings deep ocean waters to the mixing areas of the estuary. The 
flow of the Gaspé Current is thus initiated by the dynamics of the system 
and nurtured by the amount and density of the mixed water produced. 
Were it not for this mechanism, the flow from the St. Lawrence, involving 
the drainage of half a continent, would be similar to that of most estuaries, 
wherein the fresh water is gradually dispersed, mixing only with surface 
waters as it proceeds oceanward. 

The effectiveness of submarine ridges in preventing full exchange of 
waters in the Canadian Arctic and bordering seas has been illustrated. The 
bottom configuration in the Arctic to the north of the American continent 
and the nature of the land masses prevent free exchange of the deeper 
waters. The result is emphasized in features of the southward flow of the 
Labrador Current, and in the extension of the Arctic ice and climate well 
to the south on the east coast of North America. 

The geology of the sea floor is associated with many problems of physical, 
chemical, and biological oceanography. One phase of marine geology is 
concerned with the topographic features of the sea floor. The intimate con- 
nection between submarine geomorphology and problems in_ physical 
oceanography has been illustrated herein. 

The subject is almost inexhaustible, and in some cases a localized sub- 
marine topographic feature may have ocean-wide implications. Much has 
been written of the Gulf Stream system, the primary circulation of the 
North Atlantic. The energy imparted to the waters by the wind system of 
equatorial regions is concentrated in part, and conserved in the Gulf Stream. 
The course of the Gulf Stream between the Straits of Florida and the Grand 
Banks, and the conservation of energy within a narrow band of considerable 
depth, is aided and abetted by the contours of the continental shelf off the 
east coast. In the region of the Grand Banks this water mass makes contact 
with the waters of the Labrador Current. Once free of the confining influ- 
ences of the continental shelf, the energy is dispersed as the waters progress 
across the North Atlantic. 

An interesting field for conjecture and investigation is the effect that cur- 
rents, such as the Gulf Stream and Labrador Current, have on the sub- 
marine topography. A depression beneath the path of the Gulf Stream near 
latitude 32°N. is suggestive of submarine fluid erosion (O’Hare et al., 
1954). The transport of suspended material in the waters, and the inte- 
grated southerly transport of material by ice and icebergs, must be of con- 
siderable magnitude. The deposition of such materials must affect the bot- 
tom configuration in some areas. 
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The Ocean Floor and Water Movement 


R. W. TRITES 


INTRODUCTION 


ROM the beginning of systematic study of the currents and circulation 

in the sea, it was realized that the boundaries constituted important fac- 
tors in determining water movements. Not only does a boundary affect the 
motion next to it, since if any motion exists it must be parallel to it, but also 
the entire circulation of an ocean may be related to or controlled by the 
boundary conditions. 

In recent years increased attention has been given to a study of the air-sea 
boundary processes, and it has been demonstrated that the wind stress trans- 
mitted across the boundary plays an important role in driving oceanic cir- 
culations. Proportionately, very little attention has been given to the bottom 
boundary and the effect of bottom topography on circulation. 

The ocean floor is visualized as affecting the water movement in two 
ways: first, bottom elevations or depressions may limit the direction of flow 
and provide effective barriers separating water masses; second, for a given 
transport of water over an irregular bottom, the bottom topography may 
affect the direction of flow. In the first case the bottom relief merely acts as 
a boundary preventing motion through it. Frictional forces play no part in 
this effect. In the second, however, dynamic considerations are all important, 
and before it is possible to determine the relationship between bottom topo- 
graphy and the direction of transport of water, it is necessary to consider 
the various forces involved: pressure gradients, Coriolis force, wind stress, 
and lateral and vertical frictional stresses. This review paper deals mainly 
with this second aspect of the ocean floor and water movement. In large 
part, the conclusions drawn are based on the results of mathematical manip- 
ulations of the equation of motion. However, only the qualitative results of 
the mathematical analysis are presented here. 


HistToricAL REVIEW 


The first theoretical study dealing with the effects of the bottom topo- 
graphy on circulation was undertaken by Ekman (1927). His theory, which 
was based on a homogeneous sea, considered the following factors in deter- 
mining the behaviour of flow in a sea of varying depth: friction between 
the layers of water plus friction along the sea bottom; the horizontal pres- 
sure gradient (constant throughout and dependent only on the slope of the 
sea surface); and the deflecting force of the earth’s rotation. Ekman came 
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Ficure 1.—Deflection of a horizontal ocean current (according to Ekman) which 
crosses (a) submarine ridge, (b) submarine hollow. Deflection of a horizontal ocean 
current (commonly observed) which crosses (c) submarine ridge, (d) submarine hollow. 



































to the conclusion that a current in the northern hemisphere, when it passes 
over an elevation of the bottom, must deviate to the right; and when it 
passes over a depression of the bottom, must deviate to the left. This is 
illustrated in Figures 1(a) and 1(b). The situation is just the reverse in 
the southern hemisphere. ‘The theory indicates that there will be a sideways 
displacement of the whole current, when passing over a shoal or a deep, 
and that its magnitude does not depend on the absolute depth of the sea 
but is determined solely by the slope of the bottom. 

Although Ekman’s theory indicates a relationship between current flow 
and bottom topography, it has been found that in most cases the observations 
do not fit the predicted results very closely. More often the observations 
appear to fit more closely the situation depicted in Figures 1(c) and 1(d). 

Gortler (1941) undertook to improve Ekman’s results by considering 
the Prandtl boundary layer theory, but this did not lead to any qualitative 
modification of Ekman’s conclusions. The significant qualitative disagree- 
ment between Ekman’s theory and observational data led Sverdrup (1941) 
to consider the problem from a different point of view. Sverdrup took into 
account not only the effect of the Coriolis force but also the vertical stratifica- 
tion of the water mass. His reasoning is set forth graphically in the three- 
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Figure 2.—Deformation of isopycnic surfaces and also the sea surface caused by 
current flowing over a submarine ridge in the northern hemisphere (Sverdrup, 1941). 


dimensional diagram of Figure 2, showing the deformation of the isopycnic 
surfaces and also that of the sea surface, which would be caused by a current 
flowing at right angles across a submarine ridge in the northern hemisphere. 

At some distance in front of the ridge, where the bottom is level, it is 
assumed that there is no current at the bottom. Consequently, the isopycnic 
and isobaric surfaces are horizontal near the bottom. With increasing dis- 
tance from the bottom, the isopycnic surfaces slope, rising from right to left 
for an observer looking in the direction of the current, while the isobaric 
surfaces assume the opposite slope. As the stream approaches the ridge the 
isopycnic surfaces in the layer adjacent to the bottom curve up over the 
ridge and thus rise; similarly all the way up to the surface. This brings 
about a lowering of the isobaric surfaces, and of the sea surface itself, along 
the course of the current, in such a way that right over the ridge there must 
be a trough-shaped depression in the sea surface, It is evident that the nature 
of the current is such that as it approaches the ridge it will deviate more and 
more to the right (in the northern hemisphere) and will reach a maximum 
over the crest of the ridge. Upon crossing the peak of the ridge, the current 
will begin to incline to the left, and at some distance away it will once again 
assume its original direction. 
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Sverdrup’s theory appears to be in excellent agreement with a number 
of observations, particularly in the Antarctic Circumpolar Current. How- 
ever, there are a good number of places where it is in complete disagreement 
with observations. The theory cannot explain why opposite deviations of 
currents sometimes occur in the same hemisphere when passing over an 
elevation or depression of the bottom, and similar deviations occur for 
different hemispheres. Also Sverdrup’s theory cannot account for the ab- 
sence of deflections in some instances. For example, there is no deviation 
in the eastward stream at latitude 50°-55°S., although this stream is cutting 
across the mid-Atlantic ridge just as elsewhere. 

Since both Ekman’s and Sverdrup’s theories fail to explain many of the 
observations, the question naturally arises as to whether the bottom topo- 
graphy is the only factor determining the nature of the observed deviations 
or the lack of them. 

Shtokman (1947, 1948 a,b) has made a detailed study of the effect of 
bottom topography on oceanic circulation and, as a result, has developed a 
new theory which is free of the above-mentioned contradictions and does 
seem to unite the data into one consistent picture. He considers a non- 
homogeneous sea and assumes that the ocean currents are determined by the 
wind stress at the sea surface. Thus the pressure distribution in the sea is 
related, in part, to the wind. In fact, because of the earth’s rotation the 
slopes of the isobaric surfaces will be the result of an adaption of the pres- 
sure gradient to a Coriolis force, set up by an already existing current pro- 
duced by the wind. In other words, the pressure gradient and density dis- 
tribution below the sea surface will be a secondary effect of the wind. This 
is the first fundamental idea underlying Shtokman’s theory. 

Another point of departure in the theory is the importance placed on 
lateral friction between layers of water moving side by side. Although ver- 
tical friction is also taken into account, the primary stress is placed on 
lateral friction which Shtokman considers to be one of the most important 
features of the dynamics of the water of a non-homogeneous ocean. The 
theory is also based on the fact that in a vertically stratified ocean of suffi- 
cient depth, current gradients and velocities are very rapidly damped out 
with depth. At deeper levels and near the bottom the velocities are prac- 
tically zero. The rapid decrease in velocity with depth is attributed to the 
fact that vertical density gradients inhibit vertical turbulence and hence 
transfer of momentum, whereas large horizontal eddies can develop and 
transfer energy laterally. Thus to counterbalance the frictional stresses com- 
municated by the wind to the sea surface, it is not necessary that there 
should be equally large frictional stresses acting along the ocean bottom. 
The strong horizontal turbulence is capable of transferring a large part of 
the momentum that has been imparted to the sea by the wind. Shtokman 
develops his theory by mathematically considering the whole depth, and 
the vector resultant of transport of the entire water column, rather than 
by considering the velocities at one depth only. 
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Figure 3.—Vertically averaged flow lines as indicated by Shtokman’s theory (1947, 
1948 a,b) for (a) current crossing ridge, wind increasing, (b) current crossing ridge, 
wind decreasing, (c) current crossing hollow, wind increasing, (d) current crossing 
hollow, wind decreasing. 


Among the results obtained from his analysis it is important to emphasize 
that the distribution of mean velocities turns out to be independent of 
Coriolis force (provided the latter is taken as constant) and is determined 
solely by the depth and slope of the sea bottom and by the changing state 
of the wind. 

The mathematical results can best be portrayed with the aid of diagrams 
(see Fig. 3). In Figure 3(a) a plan diagram is shown of the vertically 
averaged flow lines of a current crossing a bottom elevation with the wind 
speed increasing from left to right (looking in the direction of the current). 
In Figure (b) the lines are drawn as if the wind was decreasing from left to 
right. Figures 3(c) and 3(d) show the effect on a current flowing over a 
depression in the bottom for the same wind conditions as in Figures 3(a) 
and 3(b). Thus one finds that in Shtokman’s theory the flow-line deviations 
may be the same no matter what the geographical position of the submarine 
hump or hollow, provided the transverse gradient of the wind velocity has 
the same sign. 

To give a physical explanation to the theoretical results, one must have 
recourse to the concept of the vorticity of a fluid. This can be visualized 
physically by considering that at some point in a moving fluid an infinitely 
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small paddle-wheel has been placed. If the paddle-wheel rotates, then the 
fluid has a vorticity which is measurable by the angular velocity of the 
paddle-wheel. ‘Thus one can see that velocity gradients must exist if a fluid 
is to have vorticity. It should be noted, however, that a flow may have 
vorticity when its motion is linear, and also that flow lines may be circular 
without vorticity. 

Consider a vertical column of water of unit cross-sectional area moving 
between two stream lines in Figure 3(a). Suppose the wind stress at the 
surface to be constant in the direction of flow, but to vary transversely. The 
water column. will have a certain vorticity at some position to the left of 
the hump. As the water moves over the hump, the column is decreased in 
length. Consequently, the vorticity of a column of unit cross-sectional area 
is different from that of a column in deeper water. It is this change in 
vorticity which results in a deviation of direction as water moves over a 
hump or a hollow. 

Shtokman has tested his results using data from many different 
geographical areas and finds good qualitative agreement in all cases. In 
particular he applied his theory to the sub-tropical area of the South 
Atlantic, where the ocean bed is characterized by a number of humps and 
hollows in the directions of the prevailing winds. The results, which re- 
produce the main features of the South Atlantic circulation, indicate a 
number of large eddies with centres located over bottom elevations. It is 
important to emphasize that the eddies form not over bottom depressions, 
as would follow from Sverdrup’s theory, but over bottom elevations. ‘This 
situation would tend to favour the accumulation of particulate matter on 
the elevations rather than in bottom depressions. 

To summarize Shtokman’s conclusions one can say that when a current 
crosses an elevation in the bottom, the flow lines deviate over the summit in 
the direction of increasing wind stress. When passing over a depression the 
flow lines deviate in the direction of decreasing wind stress. 


CIRCULATION AND Bottom TOPOGRAPHY OF THE SCOTIAN SHELF 


On the basis of the preceding discussion it is interesting to speculate as 
to the relationship between the bottom topography and water movements 
on the Scotian Shelf. The submarine physiography of the Scotian Shelf 
and its effect on water movements has been discussed previously in some 
detail by Hachey and others (Hachey, 1937, 1953; Leim and Hachey, 
1935; et al., 1954). The importance of the physiography, particularly as a 
barrier in preventing certain flows or as a channel in permitting certain 
other movements on the Shelf, has been emphasized in these papers. 

A glance at Figure 4 reveals the main features of the bottom topography 
of the area off the Nova Scotian coast. The Scotian Shelf is an irregular- 
shaped submarine plateau extending outward from the coast to a distance 
of 100 to 150 miles. The Shelf is separated from the Grand Banks by the 
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Ficure 4.-—Bottom topography of the Scotian Shelf. 


Laurentian Channel, and from Georges Bank by the Fundian Channel. 
With the exception of several basins, the Scotian Shelf is less than 100 
fathoms below the sea surface. 

A fairly large basin in the central part of the Shelf is more than 100 
fathoms below the sea surface. The greatest depth of the channel connecting 
this with the deep water off the Shelf is only slightly more than 75 fathoms 
below the sea surface. There are a number of small elevations (banks) 
whose depths are less than 50 fathoms below the sea surface, and two 
particularly large banks, one surrounding Sable Island and the other to the 
east of it (Banquereau). 

Hachey and others have indicated the important role that the shelf 
topography plays in determining the movement of water at depths of 50 
fathoms or greater. There is fairly conclusive evidence that the elevations 
and depressions of the bottom restrict or channel the flow. This is an ex- 
ample of one way in which bottom topography and water movements are 
related, as mentioned earlier in this article. But, does the irregular bottom 
topography of the Scotian Shelf affect the direction of total transport? This 
would seem to depend upon whether or not the water column has vorticity, 
and whether the flow varies in thickness corresponding to the bottom 
topography. 
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The circulation of water on the Scotian Shelf is not particularly well 
known. However, there is considerable evidence that the net surface currents 
near the Nova Scotian coastline are to the southwest, and, further out from 
the coast in the vicinity of the 100-fathom contour, to the east. There is also 
some evidence of a large cyclonic eddy centred on the Sable Island bank 
area. ‘To what extent the surface circulation is governed by the wind stress 
at the sea surface is not known. The dynamics of the circulation may be 
related predominately to the mass field and the lateral boundary con- 
ditions, with wind stress locally playing only a minor role. However, it is 
conceivable that, whether the wind imparts vorticity to the water column 
or the water has vorticity upon entering the shelf, the circulation, even at 
the surface, may be profoundly influenced by the bottom topography. Is 
the evidently cyclonic circulation around Sable Island bank evidence of 
this? At the moment, this question cannot be answered; to do so will require 
many field observations. 


SUMMARY AND CONCLUSIONS 


Three theoretical approaches to the problem of relating bottom con- 
figuration to water movement have been reviewed. Of these, Shtokman’s 
results are the most convincing, and unite the field data into one consistent 
picture. For wind-driven oceanic transports over an irregular bottom 
Shtokman’s theory indicates that: (1) The deviation is independent of the 


Coriolis force. (2) The deviation is dependent on the wind stress variation 
at the sea surface, which imparts vorticity to the water column. (3) The 
deviation depends on the slope of the bottom and is inversely proportional 
to the depth of water. 

A brief discussion of the physiographic features of the Scotian Shelf has 
also been given. It is evident that the bottom configuration acts either to 
channel or to prevent certain movements, but whether, in some areas, there 
is flow over an irregular bottom causing a deviation in the flow lines, is not 
known. 
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